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INTRODUCTION 
The method of measuring soil moistiire by neutron modera­
tion has given soil scientists a tool which is helping fill 
an old exigency (2, 11, 32 )• Briefly, the neutron method 
finds its best use in studies where soil moisture variations 
in a given situation are to be followed for an extended peri­
od of time and over a considerable depth of soil* It has 
been used with varying degrees of success in a number of other 
applications* 
Devices utilizing neutrons for moisture measurement 
generally consist of a source of fast neutrons coupled in 
some manner to a detector for slow neutrons* It is impor-
tsmt that this detector be comparatively insensitive to fast 
neutrons* The assembly of source and detector will be here 
eo . Tri waov*«I >rn^o4" 
provided to record the number of slow neutrons detected by 
the detector* The device for doing this will be referred to 
as the counting imit* 
Probes reported in this thesis have detectors which pro­
duce an electrical pulse amplified by a pulse amplifier, a 
part of the probe* A case is needed for safely transport­
ing the probe* The case contains a paraffin shield which 
provides slow neutrons for standardizing the instrument* 
The probe and case are referred to as the probe unit. A 
rather detailed description of the functions of these types 
of units has been given by Stone (J+O)* 
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In most instances the soil mass of interest is well be­
neath the ground surface. Hence, an access hole is provided 
for the probe. This hole is cased with a pipe, and this pipe 
will be referred to as an access pipe. The indication re­
corded by -file counter unit may subsequently be referred to 
as meter reading. 
The aim of this thesis is fourfold; 
1. To present an improved field instrument capable of giving 
satisfactory observations in an evapotranspiration study, 
or the like• 
2. To give some operating and recording techniques which 
will permit a good control of possible confoxanding ef­
fects. 
5. To offer explanation for certain functional character­
istics and give limited means of varying such probe 
properties as water sensitivity, moisture resolution, 
zone of influence and sample size. 
k-. To provide a brief, pertinent set of fabrication in­
structions; a set of instructions for operation, main­
tenance and repair; and a description for the use of 
laboratory calibration media. 
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REVIEW OP LITERATDRE 
Early work on the neutron method started independently 
and nearly simultaneously at three institutions, Cornell 
Itoiversity, University of Saskatchewan and Iowa State College. 
The work of Belcher and others (2) at Cornell apparently 
antedates other work, although neutron scattering had prob­
ably been used earlier in well logging applications ikk)» 
The Cornell workers used 100 mc. of radium mixed with beryl­
lium (Ra-Be) as a fast neutron source. For a slow neutron 
detector they used rhodium foil in the shape of a cylinder. 
A 1-inch diameter steel tube was driven into the soil to 
fximish soil access for the probe. Their first work was in 
the laboratory where they used steel drums 17 inches in dia­
meter and 25 inches high containing moist soil. A moisture 
reading reoTiired 50 minute irradiation time of the rhodium 
foil, 
Spinks and others (58) used a similar set up. They used 
a 250 mc. Ra-Be neutron source, and indium foil was the de­
tector. An irradiation time of "JO minutes was required. 
Initial experiments convinced these workers that the 
method showed promise and ftirther investigation ensued. Some 
immediate refinements in equipment were made; e.g., the 
Canadian workers increased the size of the detector and re­
duced the irradiation time to 5 minutes. 
Gardner and Kirkham (11) used a direct coimting method 
for the slow neutrons. They used a BF^-filled proportional 
k 
counter as detector. Tiie source laras Po-Be. Coi;inting time 
varied from 10 minutes to an hour. Measurements were made 
in [{.-gallon containers of soil® The Cornell workers also 
tried a direct counting method and were able to telemeter 
coimting pulses from the field to a scaler in the laboratory 
by radio transmitter* 
The early workers agreed that a single calibration curve^ 
appeared to hold for all soils tested and feese ranged from 
sands to clays. No elements commonly-foiand in soils appeared 
to have a detrimental effect on calibration. Chlorine would 
be the worst offender but would have to be present in magni­
tudes in the order of IIT in the soil water to reduce the 
count 5 per cent (2). Presence of organic matter in the 
common concentrations apparently does not disturb the read­
ings* Both laboratory and field calibrations have been re­
ported# The workers who reported both methods found the 
curves to be similar except for deviations at low moistiire 
values where some (2) contended that the laboratory contain­
ers used were too small, permitting some neutrons to leave 
graph which relates per cent water in the soil to an 
indication obtained from the meter will be called a calibra­
tion c\u?ve» The moisture content is expressed on a per cent 
volume basis. This is because the slow neutron distribution 
is affected by the spatial distribution of elements in the 
medium being measured. So the st^dard oven dry per cent 
would not be used since it does not reflect a spatial con-
figiiration of water molecules. Calibration curves reported 
by these workers have been obtained by actually measuring 
the water present in a set of media. A theoretical calibra­
tion curve did not appear possible to early workers. 
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the system. Some investigators (2, 58) noted that the 
presence of clay could cause hi^ readings# This is not 
surprising in that some clay lattices (kaolinite for example) 
contain appreciable amounts of hydrogen. 
The pioneer work did Indeed indicate the potentialities^ 
of the neutron method and many workers joined the field of 
investigation and development. 
S tandardizati on 
Most workers have noted that sane means of standardiza­
tion of readings is necessary. Several factors affecting 
count rate, which may vary in magnitude from day to day, can 
stffect the count rate in a given medium. These can be such 
things as source decay, changes in electronic circxiit com­
ponents, drift of battery voltage, etc. Most workers have 
adopted the practice of periodically making a count in a 
standard container of water or paraffin. This reading may 
be used to convert the subsequent soil moisture readings to 
It is interesting to note that Tittle and others (i}!}.) 
state that a strictly functional relationship between the slow 
neutron counting and the hydrogen content of a formation is 
not to be expected. However, they were working with simulated 
deep bore hole conditions, and with their ccmplicated multi-
casing geometry and diversity of composition, their conclu­
sion is justified. In fact, their data bear it out. It is 
indeed fortianate that most soils are of nearly isotropic 
chemical composition. Tittle points out that counting of 
epithermal neutrons would alleviate most complications due 
this source. Epithermal neutrons, which are neutrons with 
just greater than thermal (0.025 ev.) energies, are not 
subject to as many resonance capture possibilities by ele­
ments as thermal neutrons are. 
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a comon base (2, l8, 19, 20, 59> 5*^^ 51) some in­
stances (5, 25, 32j I4-I) the ratio of counts in the soil to 
co'onts in the standard are taken as the meter indication. 
Under certain conditions these two amoiint to the same thing, 
as will be discussed later. 
Soiorces and Detectors 
It is generally conceded that reducing the time required 
for a measureiaent is desirable providing, of course, stiff!-
cient accuracy is retained for the purpose at hand. Other 
things being constant, this can be accomplished by increas­
ing soxjrce strength, but this is usually undesirable for 
obvious reasons. Radium sources of strength in the order 
of hundreds of millicuries (as used by Belcher and Spinks) 
require very special handling. Hence, improvement of coiint-
ing rate has been achieved through improvement of the de­
tection system. Direct neutron counting systems have become 
available and are being utilized. Proportional counters 
have the desirable feature of ready ganana ray rejection in 
neutron counting applications. Such coianters have been used 
with success by several workers (ij., 7» 19# 20, 53, 59> 
ij-l, i|.9, 5^, 51)* Some used BP^-filled counters and some the 
boron lined type. The boron lined coimters are generally 
more efficient than the BP^, and the lined counters require 
lower operating voltage. Counters can be obtained with BP 
enrichment. This is desirable since B3D is the isotope re-
/ 10 1 7 
sponsible for the neutron detection reaction (^B 4 ^ n ->.^Li'-f 
2He^ •+ energy) • T^e isotope BID is present in natural boron 
in an abundance of about 20 per cento 
Direct counting has also been achieved by wrapping a 
foil of suitable detection material around the sensitive 
portion of a Geiger-B^uller tube (2, 5» 5s 21, 22, 23, 3?-) • 
Ccamnonly used foil materials are indium, silver and rhodium# 
Naturally, this method precludes the use of a source contain­
ing radiumi instead radioactive soxirce materials such as 
Pb210 (sometimes called radium-D) or Po2L0 are used# These 
radionuclides eisit only weak gamma radiation, if any. xhey 
have the disadvantage of comparatively short half-life: 
158.40 days for PoSlD and 20 years for Pb2lO (see General 
Electric Chart of the Ifuclides, Knolls Atomic Power Lab­
oratory, Fifth Edition, Revised to April 1956)* "While a 20 
year half-life may not be considered objectionable, the high 
cost of PbSLO couid be# 
Scintillation coxanting has been suggested by some workers 
(2, 5, 25, 41)• the only apparently successful applica­
tion appearing in the literatxare is the work of TTrbanec (i}.8) 
in Czechoslovakia# Scintillation coimting has the desirable 
feature of providing a small detector. Urbanec used a fused 
mixture of B2O5 and ZnS(Ag) as scintillator# 
Volume Influencing Readings 
Knowledge of the size of the volume of soil which in­
fluences the reading obtained by the device is important in 
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interpreting the reading. The size of this volume will also 
determine to some extent the number of readings reqiiired in a 
soil profile. The problem of the size of volume has been ex­
amined by two groups of workers and from two vie"8spoints» One 
group {27» 51* kkf 51) have studied the radial variation of 
slow neutron density about a source of fast neutrons placed 
in an effectively infinite medium of interest; another group 
(2, 7, 11, 25, 31, 32, 39, i{.l, 50, 51, 57) have studied the 
effect of the radial extent of the medium upon the slow neu­
tron density near the fast neutron source. Yfnile the radial 
distribution of slow neutrons is valuable in evaluating phys­
ical diffusion and scattering constants, the density of slow 
neutrons in the vicinity of the source of fast neutrons is 
of primary interest in the measurement of soil moisture. 
Various terms have been used to describe the characteristics 
of the two aforementioned distributions. Lane suid co-workers 
(27) used the term "zone of influence" to describe the volume 
bounded by the points where the slow neutron density about 
the fast neutron source becomes negligible. Van Bavel (57) 
refers to this volume as the "sphere of influence", a term 
which in his discussion should be observed with care. He 
defines the term, for the slow neutrcsa distribution about 
a point source of fast neutrons in a large container of 
water, as the extreme boundary of this slow neutron dis­
tribution about a point soiirce of fast neutrons in a large 
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container of water. Ihe extreme "boundary of this slow neu­
tron distribution would certainly be spherical# However, 
when a hole is placed in this mediuE for insertion of a de­
tector, the spatial distribution of slow neutrons becomes 
distorted, resembling a prolate spheroid (Iiij.) with the long 
axis concentric with the axis of the hole# It is not clear 
whether or not Lane and associates (27) meant to infer that 
the zone of influence comprised the sasipling volume® Their 
results are unique in that their measiired zone of influence 
is larger for wet soil than for dry soil. They state that, 
on the average, the zone of influence can be considered to 
be a sphere of about 6 inch radius. 
Measuring the slow neutron density near the source, while 
varying radial distance (measxared from the source) of the 
outer boundary, assumed air, of tiie soil mediuia, woiild be 
expected to yield information as to the size of soil sample 
measured. In the first place, in making such measurements^ 
one would expect the neutron count rate to increase symptotic-
ally to some value. Yan Bavel et al. (50) considered that if 
one accounts for 95 cent of the apparent maximum value, 
the sample boundary has been reached. For soils purposes 
this seems reasonable. In performing his measurements, he 
varied the volume size by adding increments consisting of 
plane slices taken perpendicularly to one radius. This was 
acccHiiplished physically by gradually lowering a detector 
into a 55 gallon drum of soil^ In fact, the other workers 
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cited (2, 7, 11, 25, 51, 52, 39, ij.l» 57) have employed what 
amounts to the same method of deteruiining the extent of this 
boundary. The probe is allowed to approach a plane soil-air 
interface perpendicularly. Except for this one dimension, 
the soil mediiam is established as effectively infinite. The 
values obtained vary between investigators; apparently 
soxirce-detector geometry and exact mode of measurement are 
the variable factors. For example, van Bavsl et al. (5^), 
using a detector 21 cm. long with the source positioned at 
one end found the vertical dimension to be 17*7 inches in 
wet soil (58 per cent water by volume) and 25.6 inches in 
dry soil (1|.»5 per cent water by volume). Stone, et al. (I4-I) 
using a detector effectively ii. inches long and with a soxirce 
at its center, were able to measure within 6 inches of the 
soil surface in dry soil (8 per cent water by volume) in the 
field witii no appreciable loss of counting rate. In wet soil 
(55 cent water "by volume) 12 inches was the shallowest 
measxirement for which there was no reduction in count. And 
finally, Yates (57)> using a short (1 to 3 inches long) 
rhodium foil with a centered soxirce, measured the horizontal 
dimension to be 3^ inches in dry soil (i}..3 per cent water by 
volume) and 16 inches in wet soil (22 per cent water by 
volume). His measurements were conducted in several lab­
oratory containers representing selected sample sizes. 
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Calibration for Surface Readings 
It has "been seen that neutron scattering devices which 
have been calibrated for operation in effectively infinite 
media fail to give proper moisture indications in proximity 
to the soil surface* Rush and Reinhart (52) made special 
siarface calibration curves, one for 1 1/2 inches depth and 
one for k. 'L/2. inches depth. Stewart and Taylor (59) rising 
a long detector and end-positioned source made curves for 
every 6 inches to 5 feet depth® Belcher and co-«rorkers (5) 
developed special hydrogen sensing devices for use on the 
soil surface. They encountered much more variation in their 
readings ccxapared to the results obtained from probes used 
in soil profile meastireiBent* This variation was attributed 
mainly to surface inhomogenieties* Church and Smith (7) 
also report a surface meter but all msasursments reported 
were made in special laboratory containers. They used 
widely differing materials (sawdust, soil and sand) and ob­
tained a calibration curve with good precision. "Kiey used 
a BP^ proportional counter with the source moxanted near the 
geometrical center of the detector. Van Bavel et al. (5I) em­
ployed a similar geometry and was able to produce a surface 
calibration curve. His curve lost "sensitivity" at moisture 
c CXI tents above 20 per cent water by volijme while the curve 
by Church and Smith did not. The length of counter employed 
may have a bearing here. Van Bavel's counter was around 12 
inches long while that used by Church and Snith was 8 inches 
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lcaig« The term "sensitivity" as used here refers, on a 
calibration curve3 to the ratio of the incremental change in 
reading to the moisture per cent mich produces the change in 
meter reading. 
Theoretical Considerations and Probe Design 
Gardner and KirMiam (11) have reviewed some of the neu­
tron scattering theory as applicable to a medium of soil# 
One premise of their presentation is that the theoretically 
optimum geometry for source and coxmter is to have a point 
detector (or nearly so) located physically very close to the 
fast neutron source# Little speculation from their analysis 
is possible on optimum source shape since "ttiey assume a point 
source at all times* Most workers have attempted to place 
the source and detector as close together as possible# One 
exception is Sharpe (33) suggests that, when using a 
proportional counter I5 cm# long as detector, the soin*ce be 
mounted 5 cm# beyond the end of the counter tube# Just how 
close a designer can come to the assumed ideal point size 
and point superposition of source and detector depends upon 
his selection of a particular t3rpe source and detector# 
Workers (7» H# 19» 50) have chosen a BP^-filled propor­
tional counter have had some flexibility as to counter size# 
Such counters are made in several sizes. 
In the use of a fairly long counter tube (say 30 cm#) 
the source may be located I5 to 20 cm# from the ge<Kaetrical 
center of the counter tube# Boron lined tubes are available 
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in a 50*5 length only. Stone and co-workers (ij-l) used 
an annular source whicii slipped over the B30 tube and thus 
achieved the desired degree of centering, 
When long counters have been used, some investigators 
have tried the use of cadmium shielding to partially inacti­
vate portions of the counter and thus effectively shorten it. 
Cadmium strongly absorbs thermal neutrons. However, BID can 
absorb some neutrons at hi^er energy so these hi^er energy 
neutrons which can penetrate cadmium may still be coiintedj 
but, nonetheless. Stone et al» (i}.l) found that the shielding 
is very effective® Van Bavel et al» (5^) reeoiziiiended against 
the use of cadmiiim, contending, for his device, that the in­
crease in resolution and more linear moisture sensitivity ob­
tained with a cadmium shield was more than offset by a re­
sulting sacrifice in count rate. 
Scientists (2, U, 25, 27, 28, ^1, 37» 57) have 
used the foil type detectors with indirect counting have had 
no difficulty in placing the source and detector in close 
proximity. Disadvantages of the indirect counting foil 
systems have been discussed already. 
Scintillation countingl would seem to offer a good pos­
sibility as a detection system. It couples comparatively 
l^The slow neutrons are captured in a crystal or liquid 
medium and the subsequent release of the alpha particle and 
nucleus causes an excitation of a sensitive portion of the 
medium and photons of visible light are subsequently emitted. 
Sane of these photons sa?e lead to the photocathode of a 
phot©multiplier tube which then produces a negative electri­
cal pulse# 
Ik 
hi^, slow-neutron counting efficiency with small size® Fre­
quently these detectors are sensitive to acccanpanjing radia­
tion {other than neutrons) which acts to cause a high back­
ground coiant* 
Spinks (57) used special neutron shields above and 
below the source with which he claims to achieve a degree of 
collimation* The sliield is a hollow cylinder of paraffin 
encased by oadmiume Regardless of the mechanism involved, 
his vertical resolution^ was considerably improved by use of 
the shields• 
Several (19> 3^t 48) of the scientists working on the 
neutron method have attempted to predict the general shape 
to be expected for the calibration cttrve# Three general 
forms have been reported in the literature. Figure 1 shows 
the general forms to be considered: (A) concave upward, (B) 
linear and (C) convex upward. All these forms have been 
based on age theory approximations. TJrabanec (ij.8) made a 
rough analysis and concluded the theoretical shape of the 
calibration cijpve is concave upward (Figure LA). His actual 
calibration curve, which was obtained experimentally, follow­
ed his general predicted shape. As stated earlier, he used 
a Ra-Be source and a scintillation detector. The two were 
mounted 5 cm. apart. Pieper (5I) using foils and indirect 
coimting, made an analysis for the cylindrical geometry of 
^The ability of a probe to detect a wet-dry interface 
relates to resolution. This is discussed later. 
Figure 1. Hypothetical calibration ciirves* 
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his laboratorj barrels and predicted a nearly linear ciirve 
fonn. He did e^ect seme downward curvatiire at higher mois-
tiire contents (Pigia?e IC)* 
His experimental curve followed this prediction* Holmes 
(19) is the only worker to report an actxial theoretical cali­
bration. His predicted values were of the B type and follow­
ed closely an experimental calibration plotted on a per cent 
water (volume basis) as determined by oven drying* But when 
he plotted his data to allow for loss of water on ignition 
and, thus, allow for bound hydrogen, his prediction failed. 
Holmes apparently was not satisfied with his result. Possible 
Gonfavoiding factors he listed were (a) change in scattering 
cross section of hydrogen by clay crystal binding, (b) neu­
tron absorption by solid constituents of soil, (c) presence 
of any boron or chlorine in the soil, (d) failiar© of Permi 
age theory for hydrogen as moderator and (e) application of 
theory for a point source in an infinite medium to a medium 
distorted by a cylindrical access pipe. It is interesting to 
note that these three workers used essentially the same 
theoretical assumption in the same fundamental theory and ob­
tained three different curve forms. True, Pieper calculated 
his theoretical expectation on the basis of a cylindrical 
system but his field curve showed the same general shape as 
the laboratory cxa?ve. Also, Holmes used a counter I5 cm. 
long, but he put a value in his equation to represent an equi­
valent point detector at some distance away from the soiirce. 
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Also, some speculation has appeared as to how the shape 
of the calibration ciirve should vary with a modification of 
soxarce-detector geometry# Pieper (5I) made readings in soils 
of several moisture contents with various spacings between the 
source and his foil detector© He found that as the foil was 
mounted at farther distances away frcxa the source, the cali­
bration curve departed from linearity and approached a convex-
upward curve* 
Van Eflivel et al» (51) postulated- since the slow neutron 
distribution in the soil is apparently a function of only the 
spatial density of the hydrogen present, that the radius of 
the volume (assumed spherical) of soil containing the entire 
neutron population is related to that radius in pure water 
by the expression I5 (lOO/moistiare content in per cent 
1/2 
volume) • c5a» xhe radius of the voltuos In watex- is takcii to 
be 15 cm. He then proposed that in order to respond linearly 
to moisture ccaatent, a detector ^ ould be within the spSiere 
of influence as defined by the radius. He then attributes 
his deviation from linearity to this effect and using his ex­
pression above, gets correction factors with which he says 
the curve becomes linear. 
Field Use and Meter Evaluation 
Bae description of the original neutron scattering mois­
ture measuring devices contained some field test data, with 
the exception of Gardner and EirMiam (11), but no extensive 
routine use was described. Several investigators interested 
19 
in the possibilities as applied to soil engineering work put 
devices into use which -were patterned after the Cornell Fni-
versity device (5)® One group (1^ , 21, 22, 25) worked in 
California on airport runway studies and another group (32) 
worked in the South on soil trafficability studies# Ihis lat­
ter group of workers found the average deviation on the cali­
bration curve was about 2 per cent water by volume compared to 
1,5 per cent for the Cornell worker*s curve. However, con­
trary to the opinion of Belcher and co-workers (2), who state 
the method lends itself to the field without any essential dif­
ficulty, Rush and Reinhart express the following opinions in 
their summary; The device was bulky and delicate; they had 
failures for no apparent reason. They felt it was not reli­
able. The -moisture readings were time consuming, it requiring 
around 2 man ho^trs to make a set of 8 readings for one pipe® 
They stated that the device should include a compact battery 
operated scaler and contain a less fragile counter tube. They 
also believed that the need for frequent comts in the stand­
ard should be eliminated. The California workers obtained a 
mean deviation of points on their calibration of 1.5 per cent 
water by volume. Two men are required to operate the equip­
ment. Horonjeff and Javete (23) also felt improvement in the 
direction of more fieldworthy equipment was in order-
Holmes (19) reports that while his machine leaves some­
thing to be desired for measurements within 30 cm. of the 
soil surface, the duplication of readings was pleasing. 
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Van Bavel et al« (5I) state that the rate meter they 
employ has been satisfactory for more than a year of constant 
field use, !Ehey cite no field data# 
Stewart and Taylor (39) report that their device gives 
more accurate data than resistance and tension aiethodss but 
that the data are just slightly less accurate than the 
gravimetric method* 
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Some of the •units described herein are basically similar 
to units reported by Stone (i|0) except for certain modifica­
tions which render the new devices superior. In some re­
spects the original moisture meter was not satisfactory for 
constant field use, Bae modifications will be described and, 
insofar as possible, detailed description of the remainder 
will be left to this previous work. Specific constructional 
and operational details of the modified device are discussed 
in the chapter on field meter construction and operation. 
The earlier device functioned well for an experienced 
operator. However, under routine field use, in the hands of 
a technician, many shortcomings became apparent. Battery 
drift caused several disturbing effects which were not always 
apparent to the technician. By battery drift is meant the 
gradual loss in terminal voltage which occurs during periods 
of current drain. The circtiit which reacts most strongly to 
battery drift is the first imivibrator circuit, tubes and 
(Figure 28) and associated circiiitiy. It is noted that 
there are three other such circuits, viz., V5 and Vg, Yj and 
Vq, and and plate voltage causes the most dif­
ficulty. As plate voltage decreases, it requires a lsu?ger 
input pulse to trigger the circuit and initiate a counting 
sequence. This in txim results in a lower counting rate. 
Similar effects have been noted for plate voltage drift for 
the pulse amplifier plates. 
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The lower coxjnting rate from battery drift is probably 
most noticable when a BIO lined proportional counter tube is 
used as detector# As mentioned earlier, when a neutron is 
absorbed by a B20 nucleus an alpha particle and Li? nucleus 
are ejected. Particles which find their way to the gaseous 
interior of the counter tube may have lost considerable 
energy in passing through a portion of the BID layer. Since 
the amplitude of the electrical pulse produced by a propor­
tional counter is proportional to the energy of the ionizing 
particle, a wide spectrum of pulse height is fed to subsequent 
recording stages. How, in BPj filled proportional cotmters, 
for example, one would not expect such a wide spectriM, but 
approximately discrete values proportional to the decomposi­
tion energies of the excited B30 nucleus should result# Thus, 
battery drift effects upon univibrator circuits should bs 
much reduced for probes ^ ploying BP^ tubes because, although 
the minimum amplitude of input trigger pulse would increase, 
no input pulses would be omitted from the count until the 
minimum equalled the siise of input pulse; then all counting 
would almost abruptly cease (depending upon how fast the bat­
teries were drifting). 
In addition to drawbacks due to the Various drift effects, 
the e^ly probe was so constructed that one was limited to 
the length of cable that could be employed to couple ptilses 
from the probe unit to cotinter \init. Pulse attenuation 
from this source was appreciable even when only five foot 
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cables were employed. 
Instrtaaentation which alleviated battery drift, cable 
attenuation and some other undesirable effects will now be 
discussed. Also, new instrumentation for experimental pur­
poses will be included under the proper headings. The 
counter will first be described. 
Counting Unit 
Counter for field d'evice 
Figure 28 presents the schematic diagram of the elec­
tronic circuitry for the field meter at the present state of 
development. Drift effects produced in the first univibrator 
plate circuit have been minimized by (a) providing greater 
current supplying power to the batteries energizing this 
circuit and (b) reduction of the time required for a statis­
tically significant count. The former was done by providing 
E5 and each as two batteries in parallel. The latter was 
achieved by using variable resistors for (also Rpp, 
and 1^8* This enables one to readily set the bias on (or 
or V9) to a value which optimizes the input rate of 
neutron pulses and yet rejects all pulses due to gamma radia­
tion. This in turn enables one to obtain a statistically 
significant coiant in no more than ^ 0 seconds. It has been 
found that effects due to the smaller 1 oad per battery and 
the shorter counting time have increased battery life (E^ 
and E6) many fold and also made short-coimt drift very grad­
ual. 
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In addition, grid input circuits for the univihrators 
have been simplified. Further improvements over the original 
counting unit are reported in the chapter on field meter 
construction. Mainly, these were improvements in cable con­
nections and sTfitches. Actually these were merely recogni­
tion of good engineering practice. 
Provision for high speed counting 
The glow tubes employed in Pigtire 28 sire type GSIOC (or 
GClOB). The maximiam linear pulse rate which they can handle 
is i^OOO counts per second. The tube will not respond to 
faster rates. Thus, one can ccnsider that the circuit oper­
ates with a dead time of about 25O microseconds. This, in-
cidently, seems to be the limiting dead time in the circuit, 
i.e., dead time due other sources, such as the proportional 
counter tube, is much less that 25O microseconds. In applica­
tions where counting rates are in the order of several hun­
dred counts per second, a dead time of 25O microseconds is 
undesirable. For this reason a counter has been constructed 
which employs a counter tube (type (JCIOD) whicb can accept 
linearly spaced pulses at the rate of 20,000 counts per 
second. This puts the dead time around 50 microseconds. The 
GCIOD requires a different driving circuit than the GSlOC. 
For the discussion of this circuit refer to Figure 2. The 
GCIOD tube is a decade counter having three guide pins be­
tween successive indicator pins. A single negative input 
Figure 2, Type GClOD glow tube circuit. 
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pulse is required to record a count, The GSIOC tube re­
quires two pulses. 
The process of recording a count is performed by trans­
ferring a steady glow from one indicator cathode to the next 
one clockwise (as the tube is end viewed). Suppose a glow 
exists on the pin numbered 1. Let a negative pulse be in­
troduced to the input terminal. This pulse is fed directly 
to pin number 8 and through a hi^ resistance to pin 3» 
input pulse makes these two guide pins more negative with re­
spect to the center anode, pin 4 (all cathodes are equidistant 
from the center anode), and the glow transfers to pin 5^ that 
is, pin 5 conducts i±Le electrons now. This current through 
the resistor raises the voltage of pin 3 an<i the glow 
transfers to pin 8. It remains on pin 8 until the input 
pxilse is removed. When this pulse is removed, the guide pins 
3 and 8 will soon become more positive than indicator pin 1 
or guide pin 2. Since the gas in the vicinity of pin 2 is 
already ionized, the glow transfers to pin 2. Current 
through Rgg raises the voltage of pin 2 and the glow moves 
to the next indicator pin where it resides until the next 
pulse is introduced. In actvial practice^ all Indicator 
cathodes are wired to tube pin 1, all first guides to pin 3, 
etc. IShen the glow is transferred to pin 6, which is the 
zero indicator cathode, a positive voltage is produced across 
R^q. This voltage is coupled to the driving circuit for the 
next counter tube which is a GSlOC tube. Naturally, the 
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hi^ speed counter tube is not needed in the tens circuit. 
The tube circuit suggested by the manufacturer was not satis­
factory. The circuit shown is a modification of the manu­
facturers suggested circuit. 
The input pulse to the GC10I3 tube must be of at least 
li4.5 volts amplitude. This much greater than is needed for 
the GSIOC tube. Therefore, a change in driver circuit was 
necessitated. A suitable circuit is shown in Figure 
This is merely a modification of the circiiit for and 
Figxire 28. The changes are noted by heavy lines. The driver 
pulse comes from V2i» This tube is normally cut off by the 
-157 1/2 volt bias so current drain here is small. The tube 
V20 operated with 157 1/2 volts on the plate. This volt­
age can produce a large enough pulse to trigger *21 and still 
hold current drain in the normally ccaiducting V2Q plat© cir­
cuit to a minimum. Two resistors (Rj2 used to 
control the bias to V21* ^ single 1 megolim variable 
resistor proved too erratic# 
Probe Unit 
Rpoportional counting 
Circuitry Figure 28 shows the schematic diagram now used 
for the electronic circuit of the probe unit. Some simpli­
fication has been provided in that both tubes, and are 
operated from the same plate voltage supply. The tubes are 
rtan at reduced voltage and the net effect has been to reduce 
Figure 5* Driver circuit for GCIOD glow tube. 
28c 
Driver Pulse 
.001 39 360 V 
20 
Input 
^74 
430K 
250K 
72 
Filament 
300K 
29 
battery drain and the attendant change in comt rate* Tube 
type ck5678 is now used in place of the CE6o88» The presently 
used type has twice the transconductance and twice the plate 
resistance of the CK6o88« The tubes, at the suggestion of 
W* Hhinehart of the Ames Laboratory Electronics Shop, are now 
run as amplifier (Vi) and low output impedance phase in­
verter (V2)o This operation permits the use of pulse coupl­
ing cables of great lengi±i» At the time this vmlt was tested, 
a 50 foot cable was available and it performed satisfactorily 
as coupler f?om probe to co^mting unit^ 
Assembly. The probe assembly is diagrammed in Figure i{.» 
All probe components are now enclosed in a single cylinder 
which can be made watertight. This type of assembly also 
eliminates flexing of the cable which couples the cotmter 
tube to the amplifier* Such flexing can cause an intermit­
tent cable connection which can be difficult for the field 
technician to diagnose or even notice. 
The present design provides more protection for the neu­
tron source. The source mounting assembly, in general, is 
superior to the earlier device. Further constructional de­
tails for the probe and carrying case are listed in the 
chapter on constructional details of the field meter. A 
paraffin shield whidi serves as a standard source of slow 
neutrons is included in the carrying case and this paraffin 
will be referred to in subsequent sections. 
Figure ij.. Assembly of probe. The components are 
as follows; 
A, Chain clarap and chain 
B Upper end plug 
C,D,H Amplifier mounting plates 
E Detector and amplifier brace rods 
P Vacuum tubes 
G Ptilse input cable 
I Cable coupler for detector tube 
J Brass coupler sleeve 
K Probe housing (upper) 
L Probe housing (lower) 
M Cadmium shield (upper) 
H Rubber spacer 
0 Lead shield 
P Source re st 
Q Detector tube 
R Rubber spacer 
S Lower end plug 
y ^ 
•Solder 
i— 
>-Amplifier 
Solder-
Scale, 3^1 
cvi pj 
V Detector Tube 
•Remove^from LP. of 
2x11-^ tube for this 
distance to provide slip 
fit for source rest. 
-Source 
=12 
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Scintillation Goimtlng 
!I5ie scintillation method offers a possibility of pro­
viding a small sensitive detector whicii can be placed close 
to the source. One draw-back is that most detectors for slow 
neutrons now available exhibit some sensitivity to gama 
radiation, A solution here would be the use of a source in 
whidi gaxama-ray eiaission is negligible* Such sources have 
been described earlier. Instead, however, of eliminating the 
gamma radiation it was decided to try to use this gaMna radia­
tion to measure soil density simultaneously with water con­
tent, Thus, the problem was to determine if a neutron 
scintillation detector could be made to operate satisfactorily 
in conjunction with a Ra-Be neutron source. 
Circuitry The schematic diagram for the electronic hook­
up of an RCA 6199 photomultiplier tube is sho®n in Figure 5* 
It will be noted that the voltage-dropping resistor string 
(Rioo throu^ ^ 110^ totals over three megohms. This means 
the current through the 900 volt battery will be around 280 
microamps. If a series of 90 volt batteries is used for this 
supply, this drain is not critical. The drain may be high 
enough to prohibit use of $00 V. batteries. However, it is 
believed that the resistance of the string can be increased 
two or three times without greatly impairing the operation 
of the photomultiplier for this application. 
If a grounded metallic shield of any sort is too touch 
the glass envelope of the photomultiplier, it is essential 
Figure 5, Circuit fcer 6199 photomultiplier tube# 
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that the tube be wired as shown. If the emitter sxxrface 
of the photo tube is at a great potential difference from the 
shield in contact with the outer portion of the glassj enough 
leakage can occur so as to introduce a large counting rate of 
pulses. 
The output pulses from the photomultiplier tube are of 
negative polarity. These piilses can be fed to the amplifier 
just described, 
Assesibly Figure 6 gives a representation of the systems 
used in the scintillation study. Drawing A shows an annular 
so'jrce and the scintillation detector positioned about four 
inches apart. An annular source was used only because sources 
of this shape were on hand. An assembly is shown in Figure 
7B. A lead shield was used between the source and detector 
to absorb some of the gacana radiation from the radium. Also, 
a specially shaped shield was tested. This shield is repre­
sented by the lines inside the lead shield in Figure 6a and 
is also shown in Figure YA» The system for mounting the 
resistor string (voltage divider) is illustrated in Figure 
7A, The resistors are supported by parallel plastic plates. 
The amplifier employed is the same as employed in Figure ii-. 
Brass tubing is used to house the scintillator assembly. 
Testing of commercial scintillation detectors Owen (30) 
has indicated that LiI{Sn) should give good results for slow 
neutron counting in the presence of radium gamma rays using 
electrical discrimination. A lithium iodide, tin activated 
Pigiare 6. Scintillation systems* 
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crystal, detector was iised in several source-sMeld-de tec tor 
geometries with, the lead shielding• Figure 6a shows the 
set-up. The length of the lead right-cylinder shield was 
varied froia 1 inch to i; inches (source-detector spacing was 
increased to permit the extra lead in each case). In the 
work here neutron and gamma pulses could be separated elec­
trically if the gamma rays could be counted individually. 
With the geometry of the probes, the gama ray scintillations 
"piled up" to form large pulses and discrimination of neutron 
scintillations from gamma scintillation was not possible. 
It was felt that some of the hi^ gamma ray background 
could be due to photons scattered toward the detector by a 
lead nucleus, photons which might have otherwise escaped past 
the detector. Therefore, any lead in the cylinder (Figure 
6a) which was not directly between the soxarce and detector 
was removed. This shield is shown in Figure JA and in Figure 
6k by the portion of the shielding shaded with lines of slope 
unity. This shield functioned no differently from the solid 
cylinder and was abandoned, 
A boron-loaded liquid scintillator (triethyl benzene 
mixed with methyl borate obtained from Uuclear Enterprises, 
Ltd., 1750 Pembina Hi^way, Winnepeg 9» Canada) was tried 
with no success. It was not as satisfactory as the Lil(Sn) 
detector. 
Preparation and testing of a BpO%;ZnS(Ag) scintillator 
It was hoped that it might be possible to fabricate a slow 
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neutron scintillation detector which would exhibit both good 
gamma ray rejection and slov/ neutron sensitivity# Urbanec 
(IfS) reported use of such scintillators, but Dooley (9) fovaid 
B2O5 fusions to be generally unsatisfactory. Subsequent to 
the initiation of this study. Sun and co-workers (Ij.2) reported 
on construction of boron glass and boron plastic scintillators. 
Fusions of 32©^ siixed with ZnS(Ag} were tried in this 
work. Powdered H^BO^ was mixed with the scintillator powder 
in various proportions. Zinc sulfide-silver activated powder 
was obtained frcKn A. D. Mackay, Inc., I9S Broadway, Hew York 
58, H.Y. Several grams of the mixtiare of interest was 
sprinkled on a flat, gas-heated pan where the following 
reactions (10) were allowed to go their courset 
H^BO, approx. ^  HBO2, 
^ ^ loqo c. 
IJ.HBO2 approx. ^ CT 0 + HpBi.O™ 
11^0° c. ^ ' 
E^B,0 approx.^ ^ 2BpO, . 
5000 c. ^ ^ 
The pan was heated to approximately 'yOO^ G. The material was 
left on the pan until all effervescence ceased. This re­
quired about ten minutes. The sticky mass was then placed in 
a nickel crucible or in a special brass mold (Figure 8g) for 
further heating at about the same temperatiire. Best results 
were obtained when the mold or crucible was lined with two 
layers of aluminxim foil. The material did not stick to the 
Fi-giars 8» Carrying case assembly, 
A Probe support pin 
B Support pin chain 
C Handle 
D Probe guide 
S Shield'^standard container assembly 
P Lead shield 
G Probe guide collar 
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aluminxcn foil and prevented adherence to the nickel or brass. 
To find the optimiaa ration of B20^ to ZnS(Ag), flat 
scintillator disks of several ratios were prepared. Since 
these mixtures are opaque, they were pressed as flat as pos­
sible, two millimeters of thickness being about average. The 
disks were tested in the probe shown in Figure 6A using the 
cylindrical lead shield. The paraffin of the carrying case 
served as the hydrogenous material for neutron scattering; air 
was used fox' a background check. Table 1 susaiarizes the re­
sults of this investigation. Evidently the ratio of H^BO^ : 
Zns(Ag);: Iti}-.? ^.n nearest optimum. This mixture was opaque 
and brittle. Nevertheless, this mixture was used in prepar­
ing the special conical scintillation detector which was used 
in the experiments. 
On a ZnS{Ag)!B basis this mixture represents a ratio of 
about 1:27. Urbanec used ratios dovsn to 1:6 on this basis, 
and the 1:6 ratio was his best. 
A specially shaped fusion (Figure 6b and C) of 830^: 
ZnS(Ag) of optimum canposition was tried. Drawings B and G, 
Figiare 6, show;; the special geometry of the B205:ZnS(Ag) 
scintillator. This scintillator and shield are shown in 
Figx2E»e 735® The detector was shaped to be a portion of that 
cone which has the center of the photomultiplier tube face 
as apex and the annular soiirce as base. Sius, any point of 
the source looked down an edge of the detector. However, 
the same point could also look on a back side of the detector 
la 
Table 1» Relative slow neutron counting efficiency of 
various mixtures of H^BOj and ZnS(Ag) 
Mixture 
ratio 
MOz to 
ZnS(Ag) 
(by weight) 
Counts per unit area 
detector in 40 seconds 
Paraffin 
carrying 
case Air Difference 
1:8 5.56 0.68 4.B8 
1:4.7 18.3 1-33 16.97 
lj2 14*5 0.71 13.79 
1:1 7.9 0.41 7Jt9 
2:1 5.58 0.24 5.14 
2.3:1 5.95 0.09 3.86 
4:1 1.58 0.15 lJj.3 
8:1 0.67 .061 0.61 
some distance away- This space mras filled with lead shield­
ing to reduce the effect of rays entering the back side. The 
detector presented considerable surface to neutrons entering 
the probe perpendicularly to the probe walls. Li^t from 
scintillations was conducted to the photomultiplier photo-
cathode by a plexiglass light pipe. The outer surface of 
this li^t pipe was coated with ?i02 to reflect some light , 
which Blight otherwise escape. This detector exhibited far 
greater ganma rejection than the others tried althoiigh the 
neutron sensitivity leaves room for improvement. For ex-
ang?le, the rifixlnram counting rate with this detector in a 
coEitainer of paraffin was 432 counts per minute and the back-
k2 
ground count was ^6 counts per minute. In a similar ge-
ouietry, the B3D-lined neutron detector might record 8000 
co'jnts per minute with a background of about 0»5 P®jP cent of 
this* In view of the results it was felt that the scintilla­
tion detection system was not satisfactory for use with a 
Ra-Be soxarce, and so the phase of the work which was to deal 
with simultaneous bulk density measurement was abandcxied* E-
lectrical gamma-ray discrimmination with the scintillator was 
nowhere near that which was achieved with proportional counters 
but -fce probe has desirable degrees of moisture sensitivity, 
resolution and sample size® These will be discussed later« 
Carrying Case 
Figure 8 shows the carrying case assembly. Note that the 
lead shield (cross hatching in Figure 8) is centered in a 
large cylinder containing paraffin. Also, the portion of 
the probe which houses the source can be centered in the lead, 
for protection against gamma radiation when the probe is 
carried about. The paraffin cylinder protects the operator 
against fast neutrons. Some design criteria for ttie carry­
ing case are discussed in the chapter on calibration; con­
structional details are given in •foe chapter on constructional 
details for the field meter. 
Voltage Tester 
A device for checking the terminal voltage of certain 
k3 
batteries has been provided. This device is simple enough 
for a field technician to operate it with very little in­
struction. The device in use is illustrated in Figure 9 
at right. The design employed is sho?ni in electrical sche­
matic diagram. Figure 10, The hi^ voltage supply for the 
proportional counter is canprlsed of two 300-volt batteries 
in series. The batteries are not tested in the 
field but are tested in the laboratory with a vacuum tube 
voltiaeter of r/hich manj adequate ones are conEnercially avail­
able. Since the battery tester is important for optimim 
operation of a field moistt-'re meter, the constructional de­
tails are reserved for the chapter on constructional details 
for the field meter. 
Laboratory Calibration Media 
Pour containers filled with mixtures of aluminum 
anEsonium sulfate (subsequently called alum) and coarser sand 
were prepared. The alum has a trade designation Rice Statu­
ary, and was obtained from General Chemical Division, Allied 
Chemical and Dye Corp,, New York, One container of a boric 
acid solution was also prepared,^ The containers for both 
materials were clean 55-gallon oil drums with all of the 
head, except for a two inch wide annulus next to the wall, 
removed. The set-up is shown in Figure 11, the two inch an­
nulus serving to bolt down a special wooden cover when the 
drums were filled. The containers were lined with a pro tec-
Figure 9. Battery tester in use. 

Figure 10. CircTiit for battery tester. Resistance 
values are in ohms* 
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tive asphalt coating and an access pipe was affixed in each 
drum by welding the pipe to a hole in the bottom of the drum, 
A rubber bumper at the base of the access pipe prevents the 
neutron meter probe from damage should it be lowered too far 
in the pipe. 
Mixing of sand-alum systems for the containers was per­
formed in a large end-over-end mixer. About 7^ 'to 100 pounds 
of mixtiJre was prepared at a time. Ten revolutions of the 
mixer seemed to render the mass homogeneous. The sand was 
air dried before mixing and was found to have a moisture con­
tent of 0.55 P®^ cent on liie voliame basis. 
Further details on the mixtures and the use of the con­
tainers will be found in the chapter on calibration. 
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PHOBS RESPOl^^SE 
®ie response of the neutron moisture meter to various 
soil moisture conditions will be determined by soil properties 
and probe properties. Soil properties will be discussed 
now| probe properties will be discussed later. Workers have 
reported no effect of soil property on probe response except 
for soil aoist^2re content• However, theory (see Appendix) 
indicates that the neutron scattering cross section of the 
medium ^ould play an important role in neutron moderation, 
and all elements present in the soil contribution to the neu­
tron scattering cross section. The neutron scattering cross 
section depends upon the atomic density of each element 
present and should thus vary with soil bulk density. There­
fore, it will be of interest to examine some possible effects 
of scattering cross section on the neutron distribution. 
Macroscopic Scattering Cross Section of a 
Hydrogenous Medium and Probe Response 
A special study was made to evaluate the effect of mac­
roscopic scattering cross-section of a medium upon the slow 
neutron flux measured by the moisture meter. With a knowl­
edge of this effect, if any for soil, one can be in a better 
position to set up further experimental work and may be in 
a position to speculate on some peciiliar results in the 
literature. For this study, a means was found to hold hydro­
gen concentration constant while varying the macroscopic 
scattering cross-section. 
k9 
Esperiasntal equipaent and procedure 
The experimental media for this experiment consisted of 
some aluminum ammonium sulfate - sand mixtures and of a 
water saad mixture. The aliim (C.P. crystals) was separated 
into five size fractions; 5 ® mm., 2 to 5 mm., 1 to 2 mm., 
0.5 to 1 mm. and 0.1 to 0.5 mm. washed silica sand was used 
for the mixtures. The mean particle diameter was near O.5 
mm. with practically no grain sizes more than 1 mm. from the 
mean® A special 876 ml. container (Figure 12 at ri^t was 
fitted with a short access pipe. The amount of alum fractions 
available determined the volume of the container. The neutron 
moisture meter described in the chapter on the field meter 
construction was used for all measurements. 
2iree levels of hydrogen concentration were studied, 
vix», levels corresponding to 55 P®- cent-^ 2l|. per cent and 
44.2 per cent water by volume. The first level, 55 cent, 
was established by measuring the water present when saturated 
sand filled the container. This required 289 ml. of water. 
The amotmt of alum containing an equivalent amount of hydro­
gen was calculated to be 551 grams. Thus, in preparing 
alum-sand mixtures, 551 grams of alum was wedded out and 
enough sand was mixed with it to bring the volume of the mix­
ture to S76 ml. Table 2 lists the amoxints of sand required 
to do this for the several mixtures. Amorints are also shown 
for simulated k.2 per cent water {665 gr. alum) and 2I4. per 
cent water (57^ aliim). In these latter cases the number 
Figure 12» Containers for laboratory media# 
Left, nominal 10-gallon container. 
Rights 87^ lal. container. 
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Table 2; Amovnt of sand required to bring 55I gJa. of alum 
of several sizes to a volume of 870 ml» 
Size 
frac­
tion mm. 
Grams of alum 
added to 876 ml. 
container 
Mean wei^t 
of sand 
to fill con­
tainer (grams) 
5-8 531 908 
2-5 551 828 
1-2 551 725 
H
 1 551 573 
.1-.5 531 610 
2-5 665 708 
1-2 663 1;85 
2-5 578 1027 
1-2 378 903 
.I-.5 378 787 
of size fractions studied was reduced by a limited supply of 
certain fractions of alum. It is noted that the coarser size 
fractions required more sand to bring the container level 
ftill* Thus, the amount of heavy element present has been 
varied while holding the amount of hydrogen constant. Heavy 
elements are inefficient moderators, and as Gardner and 
Eirkham (11) point out, even with oxygen, I6 times as many 
neutaron collisions are needed to thermalize a 1 Mev. neutron 
as with hydrogen, heavier soil elements requiring still more. 
So the inain effect of adding sand (Si02) should be to in­
crease the total scattering cross-section of the system, often 
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called the znacroscopic scattering cross-section. Only after 
several atterapts at mixing were mixing techniques developed 
which would reduce the range of readings in a size fraction 
to the values reported. The alum size fractions 2-5 irtm. 
and 0.5-1 s®* were the worst offenders. It was decided 
to check the moderation effect of the sand by taking a read­
ing with the container filled with dry sand* A reading was 
also made isrith packed snow in the container* Water per­
centages here were 55*7 cent and 50*5 cent (by 
volume). All the experiments, whether with alum, sand and 
snow, were replicated at least twice. 
It could not be expected that readings made in an 876 ml. 
container would be directly applicable to field soils where 
the medixam can usually be considered to be infinite* To get 
an idea which direction readings woTild take in a medixam 
larger than 876 ml., readings were made in the 10 gallon con­
tainer shown in Figure 12 left. It measured I5 inches in di­
ameter and 15 inches high. This size of container does not 
present an infinite medium at the moisture content used, ^ 0 
per cent water. Yates (57) inciated for a point source and 
small detector that at 30 P®2? cent water the radius of the in­
finite zaae should be about 6 inches. Van Bavel et al. (50) 
reported, for a long detector and an end-positioned, point 
source, ttiat the radius should be about 9 inches. The probe 
used in the experimental work for this dissertation should 
have an intermediate value for radius of zone of influence. 
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It was possible to make readings on tsro mixtures in the 
10 gallon container, one with water-saturated sand (50 per 
cent water by volume) and one with an alum-sand mixture with 
the same hydrogen concentration* Amoniijm alum, rice statu­
ary grade, was used. The geometric mean diameter of this 
alum was about 0«95 The mixtvire contained ^8*1 pounds of 
alum and ijii-.S pounds of sand. 
An experiment was set up to evaluate the effect of 
crystal size alcxie, since conceivably this factor could in­
fluence the reading. A set of readings was made in the 876 
ml. container packed with 55^ of the 5-8 mm. size frac­
tion of alum. The readings were made again with the same 
mass of O.5-I mm. crystals packed to the same volume. This 
procedure was repeated. In addition, the ^"8 mm. size frac­
tion was packed so as to immobilize the alum crystals and 
sand was vibrated into the interstices, whereupon a reading 
was made. This procedtare was repeated also. 
In addition to the above laboratory procedures, readings 
were made in the field with the bulk density problem in mind. 
Bulk density determinations and gravimetric determinations 
of the soil moisture were made. Three soil types were 
sampledr Thurman sand, TsTebster silty clay loam and Edina silt 
loam. Density acid moisture sampling procedures were the 
same"-as described by Stone and co-workers (i{JL). Meter read­
ing procedures are listed in the chapter on field meter con­
struction and operation. 
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Experimental re stilts 
Crystal size effect The results of ttiis experiment are 
shown in Table 5. 
Table 3* Moistiire meter- reading ratios®" obtained in 55^ g®* 
of alum of two size fractions packed to the same 
bulk density in an 876 ml» container 
Size Moisture meter reading ratios 
fraction Saoisture 
of alum Rep. 1 Rep. 2 Av. 
5-8 mm. 0.1134 O.ll^ii O.llii.9 
0.5-1 ima. 0.1145 0.1137 O.llii.0 
^Readings obtained with the meter are reported as the ratio 
of the reading in the medium to the reading in a paraffin 
standard. This is discussed in the next chapter. 
Addition of sand to stable crystal configuration Table 
4 lists the results of adding sand to a stable alum eon-
figuration. 
Moderation effect of sand alone The 876 ml. container 
filled with 151^-7 gBi. of air dry sand gave a reading ratio of 
0.01947* Tb® reading obtained with only air in the container 
was 0.01705. The water content of air-dry sand averages 
about 0.55 Pe3? cent by voliime. 
Effect of sand on neutron moderation by controlled hydro­
gen concentrations Results are shown in Table 5* Figure 13 
shows the readings plotted against values of a quantity 
which is proportional to the estimated macroscopic neutron 
scattering cross section for the medium of the particular 
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Table 4; Hoistxire meter readings made in an 876 nil« con­
tainer with alum and alxim and sand 
Moisture meter readings 
Run 1 Run 2 Av. 
Alum crystals alone 0.10i{2 0.1052 0.1047 
Alum and sand to fill 
interstices (34^ 3^.) 0.1206 0.1216 0.1211 
water equivalent ^own» The values of were in turn ob-
w 
tained from the formula for its estimated cross-section, 
(see section^ Qualitative theoretical analysis, be­
low) . In the cross section formiila is the scattering 
cross section of the k-th element averaged over the energy 
range of neutrons in the system.; and Ujj. is ihe nujaber of 
atoms present per unit volxune of the k-th element. It is 
notsd that the cxorve for simulated h.2 per cent water has 
greatest slope and the ctLcve for 2i}. per cent exhibits the 
smallest slope. 
Meas'urements in 10-j3:allon container Table 6 lists the 
measurements in the two media: sand and water (50 per cent 
water) and sand and alum with the same hydrogen concentra­
tion. The alum here had a gecmietric mean diiameter of about 
0,95 mm. 
It was felt that three rizns in the sand-water system 
were necessary to cheek on possible water measuring errors. 
Apparently none were made. 
Field experiment Results of the field experiment are 
Pig^lpe 15 • Slow neutron count ratios obtained in 
laboratory containers of hydrogenous media. 
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Table 5* Moisture meter readings in an 876 ml« container 
with three simulated moisture contents and 
several amoimts of sand mixed therewith 
Equiva­
lent 
water 
percent­
ages (by 
volume) 
Actual 
wei^t of 
water (w) or 
alum (a) 
^ams) 
Weight 
of 
sand 
(grams) 
Moisture 
meter 
reading Run 
55 
55 
55 
57 
55 
55 
55 
55 
55 
55 
55 
55 
55 
33 
55 
hZ 
¥ 
J+2 
4 
4 
4 
4 2k 
2lf 
5S9 (vsr) 
287 (w) 
280 ("sr) 
289 (w) 
551 (a) 
551 (a)  
531 (a) 
531 (a) 
531 (a) 
531 ta) 
551 (a) 
551 (a)  
551 (a) 
531 (a)  
2o8 (snow) 
295 (snow) 
665 (a) 
665 (a) 
663 (a) 
665 (a) 
378 (a) 
578 (a) 
578 (a) 
378 (a) 
378 (a) 
378 (a) 
155? 
jl5oo 
15^ 
1541 
908 
Q08 
867 
867 
69^ 
696 
590 
590 
610 
610 
0 
0 
j^-85 
70S 
708 
787 
787 
903 
903 
1027 
1027 
©•0938 
0.096!^. 
0.0987 
0.09S7 
0.08I4.9 
0.0805 
0.0895 
0.0822 
0.0779 
0.0825 
0.0760 
0.0768 
0.0755 
0.0760 
0.0452 
0.0575 
0.1195 
0.1158 
0.1522 
0.1598 
o.oi88 
O.QI{.67 
0.014.71 
o.oli6l 
0.0512 
o.oij.77 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
shown by plotted points of count ratio versus gravimetrically 
determined moisture per cent in Figures lit, I5, I6 and I7. 
The bulk densities for the plotted points are indicated. None 
of the readings were made at depths less than 12 inches be­
low the surface. POP the Webster (Figiares lij. and I5) and 
Edina (Figure I6) data^ plots are made which contain all 
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Table 6. nfoisture me tea? readings in 10 gallon containers 
of sand-water and sand-alum mixtures for 50 
cent actual water and 50 per cent equivalent 
water (in the case of alum) 
Moisture meter readings in 
Sand-water Sand-aliam Rtan 
l.oOii. 0.712 1 
1.030 0,7U^ 2 
i.d}.o - 3 
profile readings for the respective soil type, and the points 
are labeled as to which profile reading they belong. These 
plots aid one in establishing the position and slope of a 
curve throu^ the plotted points. Plots of Thurman sand 
data are shown in Figure 17« One looks for ^  effect where 
an increase of bulk density causes a hi^er count reading 
than would be ejected from moisture content alone. Fone of 
the data seem to exhibit any sudi effect. In fact, one notes 
in Webster (Figure llj.) profile readings 2 and ij. that the 
points of highest bulk density appesu? to fall lower than 
would be expected for the moisture content indicated, which 
is above 35 per cent by volume. Edina (Figure 16) profile 
readings ? and 8 exhibit effects sim-ilar to Webster. In the 
Edina soil these high bulk density values -Bto-ich appear to 
depress coimt ratio are above i{.0 per cent water by volume. 
The Thurman data (Figure 17) exhibit no definite bulk den­
sity effects* Moisture contents here are low. 
Figure li4.. Field readings made in three profiles 
of Webster silty clay loam. 
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Figure 15• Summary of field readings mad© in three 
profiles of Webster ailty clay loam 
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Figure l6. Field readings made in two profiles 
of Edina silt loam. 
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Figure I?. Field readings made in two profiles of 
Thxarman sand* 
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Qualitative theoretical analysis 
It would "be desirable to use neutron slowing and scat­
tering theory to aid in the discussion of the results. How­
ever, the limitations and assumptions of the theory preclude 
its use here, especially where the small containers were 
used. Neutron scattering and slowing theory and the nature 
of the limitations are discussed in the Appendix where the 
nature of the assumptions and limitations can be seen. How­
ever, a qualitative theoretical approach seemed feasible and 
will be employed Iiere^ 
A term from neutron scattering theory (see Appendix) 
has a physical significance (1) which is useful here* It 
represents the mean square radial distance from the source, 
of neutrons of a given energy. Thus, as the neutrons are 
situated, on the average, farther from the source r^ increases. 
This term will be employed to qualitatively examine scatter­
ing effects, on readings obtained by a neutron moderation 
soil moisture device (the present device in particular). 
It will be assumed for a system of a point source of 
fast neutrons near a detector for slow neutrons that if r^ 
becomes larger, the detector will read a lower count rate and 
if becomes smaller, the detector will indicate a higher 
count rate. Munn and Pontecorvo (29) list an e:^ression by 
Permi for the mean square distance of a neutron of energy E 
from a source emitting fast neutrons of energy placed in 
a medium composed of various elements k, of nuclear mass Mj^, 
Sli-
and average logaritbmio energy decrement f jj., as 
where 
and A is the scattering mean free path, inelastic collisions 
being ignored.. 
This expression for r^ T;ill now be modified to a form 
which will be of value for the discussion and interpretation 
of the experimental resultss In the first place it is noted 
for hydrogenous systems that the main term in the sumzrj^^jj. 
is that one where k = H-. This is for two reasons; a) a 
table (11) of for elements commonly found in soils shows 
that » 1 and for other elements falls far less than 
unityj b) ^  for common elements other than H is less than 
(1|7) averaged over the energy range of interest here. It 
is next noted that in the sum 5Jr'jj./Mjj the principal term is 
where, in addition to reason (b) above, it is noted 
that the mass of common nonydrogenous elements is several 
times greater than hydrogen# So the expression for r^ will 
be written 
for a given initial neutron energy and given capture energy 
The value for will be approximated by l/(Z]Sfjj.^)^, So 
will be a fimction of and as follows 
1 
- f 
= f 
(zit^tj.) {1 -2 jrg/5) 
= f 
[xitfectj^ (2/5 }2?h<ie] %% L 
Ho'sr if the hydrogen contribution to is to be removed, 
tre writ© ^ ^ 
r^ = f [z'^^qc-^ngcrg/jj 
This expression makes it possible, in a qualitative -s^ay, to 
examine the variation of ^  with 
ITo-w, it is remembered that iiie laboratory readings were 
Blade in a container -sEiich was small enough that many neutrons 
were lost into the atmosphere, so some means had to be provided 
to extrapolate the results to field soil conditions, where 
vezy few neutrons escape fS'om the system. The extrapolation 
used here will be of a qualitative nature. The problem of 
interest is: how does reduction of the volume of the system 
siffect the distribution of therznal neutrons near the source 
for a change in the value of r^. An age theory equation by 
Wallace and LeCaine (52)» which gives the thermal neutron 
density associated with a point scxirce of fast neutrons in 
6$ 
a finite spherical medixm is 
^ ; i S r / Z r )  Z  ^  ^  ^  ^  g»m^tr^q/a 
& + ia tr L 
Tsftiere t is the mean life time of thermal neutrons, a is the 
radius of the spherical medium, r is the distance of a point 
in the medium from the source (which is assumed at the origin), 
m is the summation ccaistant, L is the diffusion length, and 
V is the symbolic s. b^ of the neutrons• Wallace and XieOaine 
represent several systems graphically ^ ere neutron density 
is plotted against points along a radius, the usiit of length 
being the migration length Lq where l| = 
The parameters used are radius a of iiie sphere, ©q, and 
L. They also plot ^  versus r for three values of radii, viz., 
a = 1, 2 and 5. 
(These graphical presentations will now be of use in con­
sidering the qualitative effect of size of medixim on the probe 
reading# Taking the values for the density of thermal neu­
trons of the origin (see Figure l8) for spheres of each of 
these radii and for two values of ©q and L (Taken in such a 
manner as to represent two values of r^ "small" and "large", 
the plot represented in the Figure l8 is obtained. In plot­
ting the values for p against the radius in units of linear 
distance from the source it is remembered that the unit of 
length for the data of Wallace and LeCaine is the migration 
length, which is a different linear distance for each curve 
on the graph. Allowance has been made for this in Figiire l8. 
Figure 18. Density of thermal neutrons at origin for 
finite spherloal media of various radii with 
a point source of fast neutrons at the origin. 
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Application of the values and p (r) values to experi­
mental re sxilts will soon be discussed. 
Discussion of experimental results 
Results of the first two experiments listed in "Experi­
mental results" seem to indicate an absence of crystal size 
effect and a pronounced effect due to sand. Readings made in 
sand alone are only slightly above background (there was a 
slight amount of water in the sand) and thus indicate that 
sand as such was not moderating the neutrons when it was 
added. One feels justified in discussing the remaining re­
sults frcBn the viewpoint of the macroscopic scattering cross-
section which, from fee foregoing theoretical approximation, 
should be an important factor in neutron moderation. 
At first thou^t, one might think the effect of adding 
sand should be less pronounced at hi^ hydrogen concentra­
tion than at low concentrations. So an expression obtained 
earlier 
-
is now examined, Eie point of interest is to see how r^ 
varies wi-Hb. (or with when is held constant. 
Values for estimated scattering cross sections have been re­
ported in arbitrary units which are proportional to the 
estimated value. When such macroscopic scattering cross sec­
tion values are reported, the appropriate Z will be given, 
thus, values corresponding to will be listed the 
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t indicating total of all elements present and the prime in­
dicating the cross section for hydrogen has been deducted* 
Values for Zg (in the arbitrary units employed here) are 66 
for 35 psJ? cent water, 82 for ij.2 per cent and 47 24 per 
cent. The xmits used are proportional to the estimated cross-
section values. If the scattering due hydrogen is deducted 
from the estimated values for Zj., the range of z't is found 
to be approximately 0 to 30. If the resultant approximations 
for variation in are compared over this range of 21*^ 
(Figure 19) one observes that the ratio of r^ at z't " ^  
r^ at = 50 is greatest for the low moisture content and 
lowest at the hi^ moisture content. However, if one assumes 
the density of slow neutrons near the so^irce varies in pro-
portion to r^, then Figure 20 shows how tbs density should 
vary with a change of Here it was also assumed that 
the slow neutron densities at ^ s 0 were in proportion to 
the simulated water content. One sees that althou^ the 
value corresponding to a water content of 24 per cent had the 
greatest per cent change, the net change for this low mois­
ture content was still less than Ihat for the high moisture 
content. Thus, per unit change of 21*^ the slow neutron den­
sity undergoes a greater difference in reading for a hi^ 
moisture content than for low. The lines connecting points 
in Figures 19 suid 20 are used to associate the corresponding 
values of ordinate for the s'-j; values of 0 and 50* Assump­
tion of linearity is not necessary to this discussion. 
o f 
Figupe 19« Variations in relative with for 
three values of water equivalent. 
RELATIVE r2 
M 
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Now a more realistic cos5)arison results if one examines 
graphs by Wallace and LeCaine (52) which are partially re­
produced in Figure 21» The curves in this figure are for a 
point source of neutrons in an infinite medium but similar 
spacing changes are noted for finite media curves. The 
psLPameter, is the ratio of root symbolic age to diffusion 
length. For the purpose at hand a small value of will 
mean a small value of y• It is thus seen that in place of 
slow neutron density near the source varying linearly, it 
varies such that a ciiange in r^ for a small value of pro­
duces greater change in slow neutron density than a ^ ange 
in r^ for a large value. So the effect which was esti­
mated in Figure 20 would be expected to be more pronooanced 
than the figure indicates. The postuJLation of a larger ef­
fect is in qualitative agreement with the data obtained in 
the experiment shown in Figtire I5, if one remembers that on 
a ciirve of constant equivalent water caitent is constant 
and that the variation is due to 
^ow the question arises as to what results would be ex­
pected from theoretical considerations if experiments in a 
large medium (such as field soil) were compared to the results 
in the 876 ml. and 10-gallon containers. The readings made in 
the 10-gallon container show a greater difference in meter read­
ing than between equivalent points on the curve for the 876 ml. 
container (even after allowing for the slightly different water 
content). This mi^t seem to indicate the effect of macro-
Figure 21, Thermal neutron density variation witii 
distance from a point source of fast 
neutrons in an infinite medium. 
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scopic scattering scross section on the slow neutron density 
should be more pronounced in the field than in the 876 ml. 
container in the laboratory. But now consider the earlier 
reference to ciarves by Wallace and LeCaine and fee curves in 
Figure I8 derived therefrom. The curve of interest now is 
the ciirve representing the difference (dashed curve. Figure 
18) between the ??allace and LeCaine curves. The greater 
this difference, the greater will be the effect of on 
slow neutron density near the source and, since was shown 
to affect r^, the greater is the effect of on the ^low 
neutron density near the source. So one sees that for very 
small containers this difference value is small but increases 
to a maximum for larger voliimes of media. The difference 
then falls to a constant value as the medium size increases 
to the point where it is effectively infinite to ihe larger 
r^ distribution. It has been pointed out -Haat the 10 gallon 
container at 30 cent water was not an infinite medium 
to the neutron system. It thus appears that the increase in 
scattering cross section effect noted in the 10 gallon con­
tainer need not necessarily indicate tiiat the effect of 
scattering cross section in "Sie field be greater than the 
effect in the laboratory. It seems likely that the effect 
of scattering cross section in the laboratory could be repre­
sented at the far left in the difference curve in Figure 18. 
The effect in the 10 gallon medium could be represented by 
a point farther to the right and, finally, in effectively 
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infinite field media, the effect cotild "be less pronoimced than 
in the 10 gallon container. Of cotirse, actual laagnitudes 
would depend upon actiial ^  values enco^ontered and as has been 
mentioned, no quantitative aspects are available from this 
analysis. Qualitatively, the results seem satisfactory. 
From the foregoing discussion, one might expect bulk 
density variations in field soil to influence readings taken 
with the moisture meter. Bulk density variations in a 
particular soil should change the concentration of atoms 
which in turn should change the total macroscopic scattering 
cross section. The effect should be most noticeable at the 
higher moisture contents and possibly unnoticeable at the 
low contents. Actually the field results of Figures li}. to 
17 apparently show no effect in the direction of increased 
effect at low moisture levels or hi^ moisture levels. In 
fact, a perusal of the results mi^t lead one to believe 
that increase of bulk density has a depressing effect on 
meter reading. In view of the qualitative theory present­
ed, this does not seem likely.. Particularly anomalous data 
are those for T'ebster soil above 35 cent water by voli:mie 
and for Edina soil above ko per cent water by volume. In 
the case of Edina soil these hi^ readings were taken in a 
plastic clay horizon (50 per cent or more clay). Even thou^ 
measured bulk density values are up to 0.2 gm. per cubic cm. 
higher in plastic regions than in non-plastic regions, the 
meter does not read hi^; if anything a depression is ob­
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served* It does seen feasible that the discrepancy may lie 
with i±ie gravimetric sampling technique. One can postulate 
that because of the plasticity a sample compression of 
around 10 per cent took place and many of the readings taken 
in the plastic regions would be shifted to the left by an 
amount which iKrould show an agreement with readings whose 
apparent gravimetrically determined moisture content is less. 
It is difficult to believe that the soils suffered compaction 
this extreme. However, as pointed out, one does not neces­
sarily expect field readings to vary with change in total 
macroscopic scattering cross section by the same degree as 
the laboratory readings. In summation, it woiild seem that 
the field results do not deny the neutron scattering effect 
in the field but neither do they confirm the existence of 
the effect in the field. 
It is possible that in most instances one need not be 
concerned with the effect of total macroscopic neutron scat­
tering cross section on slow neutron readings. The calibra­
tion data of several workers (5» 7s 3.9* 58) seem to exhibit 
some effect, but not all these data were gathered in iSie 
field. Finally, perhaps the fact that some workers (25, 5I) 
were unable to measuris effect of bound hydrogen in media can 
be partially explained by a decrease in the bulk density of 
certain clays or peat partially or completely offsetting the 
effect of the bound hydrogen content. It appears that more 
extensive experiments than have been dene here are necessary 
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to obtain conclusive data on the bulk density effect, 
SuBimary of macroscopic scattering cross section experiment 
A pronounced effect by macroscopic neutron scattering 
cross section upon the reading obtained in hydrogenous media 
by a neutron moderation moisture meter has been observed in 
a small container in the laboratory. Two readings made in a 
larger container seem to indicate an even more pronounced 
effect. These results are in agreement with a q.ualitative 
theory which indicates the effect,instead of further increas­
ing, could be less pronounced in a still larger meditun. viz^. 
field soil. Indeed, the effect seems to be lacking in the 
field soils tested, but soil compaction effects with gravi­
metric sampling may have masked the effect of macroscopic 
scattering cross section, Macroscopic scattering cross sec­
tion for a given soil should vary with bulk density. If there 
was no real bulk density difference, no effect on reading 
should be noted. Ptirther careful work may shed more li^t on 
the magnitude of these effects in the field. 
Special Response Properties Related to 
Neutron Distribution and Probe Geometry 
Zone of influence 
Several methods for obtaining mathematical expressions 
for slow neutron distribution are listed in the Appendix along 
with some assmptions and limitations. In view of these 
limitations no special calculation of neutron distribution 
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will be made# Also, relative differences are of chief in­
terest here so the qualitative approach vd.ll again be 
stressed# 
Por a given infinite soil medium the slow neutron dis­
tribution about a given point source of fast neutrons will be 
considered a function of hydrogen distribution and macro­
scopic neutron scattering cross section. To render access to 
the neutron probe, a hole is established in the soil and 
cased with a suitable material. Steel is used for access 
pipe in this work. Now if the source is placed in this hole 
the slow neutron distribution no longer has the same pattern 
as before. It is now possible for a fast neutron to travel 
some distance up or down the pipe before encoxintering the 
pipe walls, and also, since it enters the wall at an angle, 
there is greater probability for an encounter with the mole­
cules in the wall. The slow neutron distributions will be 
distorted in directions parallel to iiie pipe. Such a con­
figuration is discussed by Tittle, et.al., (!}!;)• Some fast 
neutrons can escape the system through the pipe. This has 
been discussed by Holmes (20). Botii of these distorting ef­
fects are magnified by increased access pipe diamter. So 
for a specific type of neutron source, a given soil, and a 
given access pipe, the neutron distribution will be con­
sidered to vary with hydrogen content and macroscopic scat­
tering cross section. The effect of adding a neutron de­
tector will be considered negligible. Shajje of sotirce would 
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have an effect if it departed radically from the point 
approximation. The annular source used here appears to ex­
hibit no serious departure from point source properties• Now 
what different zaoisture probes will "see" in the same medium, 
as set up above, will depend upon the composition, extent and 
positioning of tSae material used in the detector, 
^Hie term, zone of influence, as mentioned earlier, re­
fers to this region which just contains all of the slow neu­
trons. As the system has been defined, this zone will be 
independent of the composition, extent and positioning of 
the detector. It is determined by the soil, pipe and source 
properties mentioned. 
Sample size 
The manner in lafeich the detector reacts to the neuta?on 
distribution in the zone of influence will influence the 
properties previously referred to as sample size, resolu­
tion and sensitivity. Sample size differs from zone of in­
fluence in that sample size is smaller than the zone of in­
fluence, i.e., some slow neutrons near the outer regions of 
the zone of influence may be far enou^ from the detector 
that the chances are remote that they will find their way to 
the detector and be counted. This would be especially true 
at low moisttire contents, where the zone of influence is 
large. ITow, if one were to use the geometry of a long de­
tector (say, 30 cm.) and an end positioned source, the sample 
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size at low moisttire contents would probably appear appre­
ciably larger than for the geometry of a point detector 
mounted near a point source. Some of the neutrons near the 
outer region of 1±ie zone of influence could find their way 
to the remote parts of the long detector and be counted. And, 
as has been cited, workers using a long detector as described 
have measTired larger sau^le sizes than workers using small 
detectors. Van Bavel,et al» (50), among others, have shown 
a larger sample size for dry soil 1±ian for moist soil. Ap­
parently this is to be expected. However, Stone, et al., 
(i}.l) were able to measure to 4 1/2 inches of the soil sur­
face in dry soil without deviating frm a calibration curve 
for low depths. In very moist soils deviations occurred to 
as far down as 1 foot. These results were obtained with a 
detector effectively k inches long with a center positioned 
soxirce. 
[Though the sample size could also be larger in dry soil 
than moist soil for detector geometry of Stone, et al. (ij.1) it 
is not unreasonable that one should be able to measure so near 
the surface in the dry soil. One is interested in about the 
same precision over the whole moisture range with the neu­
tron device. At high moisture contents a 5 per cent change, 
say, in counts is readily noted; at low contents a 5 cent 
change may not occur until very near the surface, because of 
the inability of distant neutrons to reach short detectors 
near the source. Stewart and Taylor (39) used a long de­
tector with an end-positioned source and found they could 
measure nearer the surface in moist soil than in dry soil. 
Positioning the source at the top of the detector mi^t, for 
measuring moisture near the soil surface, he an improvement 
over bottom positionings when long detectors are used. Van 
Bavel and co-workers (5I) state that the minimum diameter for 
sample size is probably 20 to 25 cm. using a Ra-Be source® 
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smaller, by using other elements in place of Be such as Li 
or B but such sources are not very efficient and would prob­
ably be usefiil only under conditions where a smaller sample 
size is imperative. 
Resolution 
Van Bavel et al. (5I) use the terms resolution and sample 
size synonymously, but here resolution will refer to the abil­
ity of the probe to detect abrupt interfaces of differing mois­
ture content, viz., an air-moist soil interface. Data by 
Stone and co-workers (l|.l) taken in large laboratory contain­
ers show a resolution for a dry soil-wet soil interface for 
the detector they employed to be at least 9 inches? Spinks 
(37) reports a resolution (dry sand-wax interface) of i|. 
inches for a very small annular detector centered on a point 
source# Data by van Bavel and others (50), using sand at 58 
per cent water against air, showed a resolution (as the term 
is used here) of about 11 inches# Data are now given (Figure 
8i^ . 
22) fop resolution measurements made with, several probe 
geometries in a small laboratory container (Figure 12). 
Probes used were the BD lined covinter probe as diagrannBed 
in Figure ij.-, (Cd shield over all but the center I}, inches of 
the detector), the same probe with no shielding and the same 
probe with all but 2 inches at iiie center of the detector 
shielded by Cd* The fourth detector is the special fusion of 
ZnS(Ag) (Figure 6b). Resolution in the small container 
may not be strictly applicable to the field condition but 
relative comparisons should be valid. The results are tabu­
lated in Table 7» scintillation system has a desirable 
resolution but counting rates are low and gamma ray back­
ground is hi^« Referring to Table 7 and considering the 
literature, the detector geanetry seems to be the important 
factor in resolution for the given Ra-Be source. 
Sensitivity 
Probe sensitivity has been defined as the slope of the 
Table ?• Data taken from Figure l8 on resolution comparisons 
between the several probes tested 
Detector Length 
Resolution 
in small 
container 
BD 10" 9" 
B30 k" 6 1/2" 
BID 2« 6" 
B20^:ZnS (Ag) 1" k 1/2" 
Figure 22# Resolution curves for soveral mois­
ture probea, 
A Effective detector length 10 Inches 
B Effective detector length l\. Inches 
C Effective detector length 2 Inches 
D Effective detector length 1 Inch 
20 21 22 23 
Distance Between Source cind 
.^Air - Paraffin Interface 
i ~J u 
24 25 26 
Arbitrary Reference Level 
27 
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calibration curve• For sensitivity comparison purposes# 
differences between readings made at two different moisture 
contents should give relative sensitivity information for 
probes. Gardner and Kirkham (11) showed that sensitivity 
should be best v/hen the soxirce is positioned near the de­
tector. In present work readings with various geometries 
were made (Figure 25) to eaplore positioning effects for a 
long detector and annular source. Ratio between counts as 
well as differences for the several positions are given so 
a compsirison with the data of Sharpe (35) can be made® Sharpe 
used i±ie ratio as sensitivity criterion and decided that a 
positioning for the source of 5 cm. below the counter tiibe 
was optimum. This agrees with the data here but the defini­
tion for sensitivity differs. Present data indicate (Figure 
23} center positioning seems bests 
To caapare sensitivity of the 4 probes tested for 
resolution, readings were made in satiarated sand in the 876 
ml. laboratory container (Pigizre 12) and again in a 1 gallon 
container of paraffin. Maximum values attainable in these 
media are plotted. Again, these values may not apply directly 
to field situations but relative values are of interest here. 
Table 8 gives i2ie data for these comparisons. Again, the 
scintillation detector gives the best value. Cadmium shield­
ing of the B30 tube also in^jroves sensitivity. Count rate 
is sacrificed, and one must seek the best compromise for the 
purpose at hand. 
Figure 25, Count readings in a medium versus loca­
tion of annular source on the axis of 
the counter tube. 
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Table 8« Reading ratios for several probes of different 
design in two media for probe sensitivity com­
parisons 
Reading ratio in 
Satu-
Length of rated 
Detector detector sand Paraffin Difference 
BIO 10" 0.0878 1.87 1.78 
BIO h" 0.0950 2.10 2.00 
BTD 2" 0i»i355 2.55 2.20 
B20^;ZnS(Ag) 1" 0^250 2^87 2,62 
If the slope of the calibration curve varies with mois­
ture content, then sensitivity varies also. Van Bavel, 
et al» (49* 51) iiave discussed this to some extent# They 
argue that in order for the probe response to be linear, the 
ww mvcov ctjunajo vrxuiixxi uim ;ciuxio ox xlul xut9xluo • 
This condition seems necessary but hardly sufficient. They 
have not shown that a linear cxarve is to be expected. The 
effect appears to be, as van Bavel, et al. (5I) have men­
tioned, that, for long detectors (extending beyond the zone 
of influence) as moisture content deci^ases, the zone of 
influence increases; more and more detector becomes available 
for counting. Thus at low moisture contents the calibration 
curve for a long detector is steeper than for a small de­
tector. As has been seen, however, resolution and sample 
size are sacrificed with a long detector. 
Prcan the literatiire it appears that for a short, centered 
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detector, the calibration cur?e tends to be concave upward 
(Figure lA)e Long detectors with end positioned sources 
generally give convex upward calibration curves (Figure IG). 
PrcKa the qualitative theory given earlier, it is not un­
expected for the density of neutrons very near the source 
to be rather insensitive to changes in r^ nfeen r^ is large 
as it would be in dry soil, A look at some data by Pieper 
(31) will serve to strengthen this point. Pieper made read­
ings in 32 gallcffi laboratory containers. The moisture con­
tent was varied, and the source-de tec tor distance was also 
varied. The detector, apparently, was 3 inches long. His 
curve when the source was center-positioned was nearly lin­
ear, With the foil 7®5 cm, from the source, the calibration 
curve is somewhat conves upward. The effect is still more 
pronounced with a 9»8 cm, spacing. If one were to sum data 
from the curves of Pieper to obtain the effect of a long 
detector, the curve would be convex upward. The curvature 
effect clearly stems from the extremity of the detector# 
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CALIBRATION 
Representaticai of Data 
Ratio plotting 
Ueed for standardization of readings taken by the neutron 
method has been disciissed esa?lier« Of the reasons for stand­
ardization, allowance for battery drift effects is the most 
important for the device described herein. Representation of 
the meter reading by use of a ratio of the counts in soil to 
the counts in a standard can minimize these drift effects 
and is useful imder certain conditions# These conditions will 
be investigated. 
For calibration purposes it is desired to plot a meter 
reading which is a function of water content only. Consider 
first the readings obtained from the standard. This reading 
will be the sum of a component x due to neutrons slowed in 
the standard and a component y due to what will be called 
backgrormd. The component x will be comprised of a constant 
effect k due the standard but will be proportional to a volt­
age function effect 3{v), so x = kj(v). The component y will 
be proportional in some similar manner to scxne constant m, 
so y = mh(v}. Voltage need not have the same effect on x and 
y and this agrees with practice. "Sow S - x y = kj(v) 
mh{v)• 
The reading W obtained from the soil will be considered 
to be the sum of a component z which is due the slowing of 
neutrons by the soil water (scattering effects will be con­
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sidered constant here) and the same background term j as be­
fore, The ccmponent z will have a variable factor p{w) de­
termined by the soil moisture coQtent w, and the same factor 
of voltage change j(v) will be operating as before. So z = 
p(w)j(v), Eius W(v,w) a p(w)J(v) + inh(v)« 
Consider the ratio R of W(v,w) divided by S{v)5 
R = p(w)j(v) ffih(v) 
k^(v) + mh(v) 
One sees this will, in general, be a function of w and v; and 
R(w,v) will have little value for moisture reading purposes 
with a device which has voltage drift* How, it has been 
noted for the field device described herein that the back­
ground reading (reading made in air) is always proportional 
to the count in the standard so mh{v) = nS(v) iifoere n is the 
constant of proportionality. In the case of the meter involv­
ed, n = 0.025. Ihe standard reading will now be 
S{v) = kj(v) + mS(v) 
or kj(v) s s(v) - mS(v) « (l-n)s(v) 
and thus 
S(v) a M = uj(v) 
1-n 
where the constant, 
u = k/{l-n) 
Also 
W(w,v) = p(w)j(v) + mS{v) 
r p{w)j(v) + muj(v) 
= 5(v)[p{w) + s] 
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where the constant 
s = nu 
How R = W/S = j(v)[p(^) + si 
u5(v) 
= i[p(w) + s] 
The term R is now just a function of the soil water w. One 
thus feels justified in using the ratio values for calibra­
tion and measurement with the meter. 
Sffect of cotmter dead time 
The electrical pulses produced by a neutron detector may 
conveniently be recorded in two ways: by a rate meter or a 
scalerFor reasons discussed elsewhere {J|l) a scaler is 
used here, and decade glow transfer tubes are involved. (The 
G-SIOC or GC103 glow transfer tubes have a maximum linear 
pulse GO\mting rate at kOOO counts per second. This implies 
the tubes are inoperative for about 250 microseconds follow­
ing each count. This period is longer than the dead time for 
the proportional counter which is probably around 100 micro­
seconds and, hence, is the limiting "dead time" of the cir­
cuit. For very high counting rates the use of the GCIOD tube 
with a 50 microsecond dead time would help. Nevertheless, 
one must inquire as to the effect of this dead time on a 
calibration curve which ccxitains readings representing a 
ratio of a soil reading to a standard reading. Although one 
feels justified in the use of ratios, the only ratio which 
is constant for a given soil moisture content will be the 
9k 
true count ratio* ratio frrai which some of the counts 
have been missed because of dead time v/ill not be expected 
to be constant. If the moisture meter is calibrated using 
a value of standard reading and at some later date moisture 
data is taken using a standard value at some different region 
of readings, an error will result from the different propor­
tion of counts missed. The magnitude of this error can be 
examined* 
If a counter wi1±i dead time t indicates a count rate 
r% the actual count rate will be r and R* = r/(1 + Rt) as 
noted by Halliday (l6, p-* 208), Suppose during calibration 
that a rate of Ri, was recorded each time a standard was read 
and that the reading in the soil was Hie calibration 
curve then would contain a set of R^/f^i "'^alues. ITow suppose 
at some later date, field readiags were made with a paraffin 
reading of R^ and soil readings of R2* To get this differ­
ent count rate, both R]_ and Rg oust have changed by a con­
stant factor so 
Rl = bRi/{l + btR) 
and R2 * bR2/(l + btR2) 
The point of interest is what fractional error will be in­
curred if the calibration cxarve which was made with values of 
Rl is used for converting these new measurements to moisture 
content values* This error will be defined for a given soil 
moisture content thus 
E - (52/Ri)-(Rj/ti{) 
bIaI 
This is equiTalent to 
It t , n f 
E » (R2H3^/^3^R2)-1 
Using the espressions for R' in terms of R and t we get 
E e (Hl'Hg) (b~l)t 
(i + btr2) (i + tri) 
Here, it is readily seen that at the point where the standard 
reading and soil reading are equal, no error is incurred^ 
Also, for the trivial case of no change in cotint rate (b = 1), 
it is noted that no error is incurred* It is seen that if the 
count rat© R^ is greater than R^ (b greater than 1) and if 
the reading is for a point inhere the soil reads hi^er i2ian 
the standard, the error is negative. IThis implies that the 
new calibration curve (the double prime curve) would lie below 
the old curve in this region. It can be seen for the same 
h 
hi^er R;l points where the soil reads less than the 
standard that the new curve would lie above the old one. 
For an example it will be convenient to represent the 
error E in terms of R^/R£ r R, along with R^ and R^. The 
expression for E then reads 
E « (3.>R) (i;Rx>tRi) 
(l-rtr{)«tri(l-r) 
For the counter with 25O microsecond dead time suppose 
R^ - 5000 coimts per minute and R^ s 10,000 counts per minute. 
On the calibration curve in Figure 25, maximum R is about 1.7^ 
Figure 2i|.« Calibration curve for field moisture meter • 
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Here the error would "be only l«i}.7 per cent, A change of 
500 counts per rainute would be in the order of expectation 
for actual use and here the error is only 0,15 per cent. 
This would be an extreme error since it -was seen that the 
naxiraua error due to dead time is at the extremes of the 
calibration curvc. It is now seen that the standard should 
be of such composition as to give a ratio of 1 at the mid 
point of the region of the calibration curve where most field 
measurements will fall. The unit value obtains near the 
center point of the calibration curve for the field meter 
(Figure 2l\.) so as to make errors at each extreme of the 
cxirve be the same order of magnitude* 
Effect of Background Count 
It has been previously stated that the background (coimt 
in air) associated with a reading is 0,025S where S is the 
standard count. The fractional probable error (I6, p, 207) 
associated with a count due to uncertainty of background will 
be 
fg = 0.67[eot]-*[(e/eo)-l]*[(e/l!o) 1]"^ 
where rq is the background count rate, r is the sample count 
rate and t is the count period. ITow fg for the standard count 
will be 
fg - O.llfSo t]-5 
For soil readings, fg will be the fg as defined above. The 
error due the ratio of the counts recorded which is plotted 
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as the calibration cTirve will then be 
^*3 -[Hot]-^(O.Ill + 0.67 [(RAo) 
Obvioxislys the fractional probable error will be greatest at 
the low moistijre contents and will decrease as the moisture 
content increases. The point of interest is how does this 
error vary with a change of standard reading. Some calcula­
tions will suffice here. It is desired to compare fractional 
probable errors at, say, 5 and 50 per cent water and examine 
the amount of change in fs for a change in standard reading 
using the calibration curve in Figure 2i}.. As an extreme ex­
ample let S vary from 5OOO counts per minute to 10,000 counts 
per minute. It is found that for 5OOO counts per minute in 
the standard fg for 5 per cent water is 2.79 per cent; fg 
for 50 per cent water is 1.7i]- pe2? cent. For a 10,000 counts 
per minute standard, fg for 5 cent water is 1.98; fg for 
50 per cent water is 1.25 per cent. Thus, for this extreme 
chjange in standard reading the difference in ratio at the 
low end of the calibration curve is only 0.8I per cent and 
the difference at the high end is only 0.5I per cent. As 
has been stated, the more likely figure of change in standard 
under field conditions is about 5OO counts per minute. Thus, 
error fl*aca dead time in using ratio values frcsn the initial 
calibration curve would appear negligible and will be con­
sidered no further. 
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Calibration of Instrument 
Field technique 
Procedure for field calibration was similar to the 
method described by Stone and co-workers (ii-l). The essential 
difference was that 6-inch cores were taken for gravimetric 
moisture analysis in place of 5-inch cores. The depths used 
for calibration were 21 inches, 27 Inches and 55 inches* 
Thus, the samples for gravimetric analysis were from depths 
of l8 to 2i{. inches, 21l to 50 inches and ^0 to ^6 inches. 
Each gravimetric plot in Figure 2ii; is a composite of I4. sep­
arate samples. Two moistijre meter ratios are averaged in 
each point plotted. The extreme values in each average are 
shown as a vertical bar for meter reading and a horizontal 
bar for gravimetric analysis. Calibration was performed on 
a sand soil and a fine textiared soil to get a range in mois­
ture content. OSiurman sand and Webster silty clay loam (55) 
were used. In the natural condition the Thurman measured 
around 7 per cent water and the Webster measured 28 per cent. 
The same type soils were then wet to a depth of 5 f©et and 
allowed to drain, A second set of readings completed the 
moisture range for the calibration. 
A field calibration is desirable in that it leaves little 
doubt as to the validity of the calibration. On the other 
hand, field calibration is very laborious and the gravimetric 
determinations are characterized by considerable variation. 
Laboratory calibrations have been reported but most have left 
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something to be desired in the way of accuracy and some are 
not applicable to field measurements at the lower moisture 
contents. 
Laboratory technique 
Principles It was desired to set up a laboratory system 
which would eliminate some of the aforementioned drawbacks* 
Several works in the literature have indicated that the zone 
of influence for slowed Ra-Be neutrons in soil should lie 
within the boundaries of a 55 gallon drum for moisture con­
tents above about 10 per cent. Some uncertainty due to non-
homogeneous mixing of soil and moisture can be eliminated if 
some hydrogenous material other than water be used, say, some 
dry material. This would permit a relatively sia5>le and ac­
curate dry mixing. With proper selection of hydrogenous mate-
X OVCWM VMWk wo C«^OW ww S> 
time where water-soil mixtures may be unstable. In fact, the 
possibility of substituting sand for soil would have advantages. 
Naturally one must take care to insure that the macroscopic 
scattering cross sections at the several moisture levels 
approximate those of soil and that no strong absorbers for 
neutrons are included (chlorine, for example). 
It was decided to use mixtures of sand and a suitable 
moderator. A list of over one hundred possible hydrogenous 
compoxands was prepared and, by applying the foregoing re­
strictions, aluminum amonium sulfate (the same compound used 
in the macroscopic scattering cross section study) was found 
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most suitable. It has many elements foiind in the soil and 
a large hydrogen content. It is nonpoisonous and is easy to 
handle. Upon prolonged exposure to either air or a saturated 
atmosphere, the change in weight was never more than 1 per 
cent. Brocard (If) reports a similar tecimique. 
Pour sand-alum mixtures were prepared in a manner de­
scribed earlier and placed in suitable containers (Figure 11). 
The mixttires prepared had the following ratios by 7/eight of 
sand to alum: 9 "to 1, 2.82 to 1, l.l8 to 1, and 1 to 6.75* 
The mixtures have hydrogen contents corresponding to water 
contents of 9» 21, 30 and I15 per cent by volume, respectively. 
For a given hydrogen content, the density of the sand-aliam 
mixtures is less than soil-water mixtiores and, as a conse­
quence, the meter readings obtained in the drums with the 
field calibrated meter were low. For example, the 9 per 
cent barrel read 5.2 per cent and the 14.5 per cent drum read 
55 per cent. (It was not possible to find a sand-alum mix­
ture v/hich attained a reading over i|.0 per cent water.) The 
best scheme seemed to be to calibrate these drums .against the 
field calibrated meter. This system is not as desirable as 
the original scheme but only one field calibration is neces­
sitated. The drums can now be used for calibration of similar 
devices and checking calibration after that. 
It was desired to obtadn a calibration point in the 
vicinity of k5 cent water. A different method was carried 
out here, since this value was not obtainable by sand-alum 
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mixtures* The container {Figure 11) was filled with water 
plus enough boric acid to reduce the count rate to the de­
sired level. A layer of oil over the surface of the boric 
acid was used to retard evaporation. The required boric 
acid concentration is well below saturation at laboratory 
temperatures so one nsed not worry about concentration chajig-
ing with small temperature changes. Specifically, a con­
centration of ij.0 ©a, per liter, which is stable above about 
15 degrees centigrade, gave a meter reading 1/2,3 as much 
as was obtained in pure water. 
Strictly, once the boric acid container has been cali­
brated against a field device, one can not use the container 
to calibrate other devices. The container should be used only 
to check calibration of the same device against which the con­
tainer has been calibrated- This is because the method by 
which the slow neutron distribution arises in the container is 
different than would occur in the field or in the containers 
of sand-alum mixtures. Presumably, if a device to be cali­
brated bears close physical similarity to the device against 
which the solution drum has been calibrated, a legitimate 
calibration would result. Of course, if a device of radically 
different design were to be calibrated, the calibration at 
around if5 per cent could be made in the field against a cali­
brated meter. Then a reading with the new probe could be 
made in the boric acid container and this container could 
then be used for future checking. 
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Bfocedure 
A detailed description of the procedure for laboratory 
calibration will now be presented# Also, notes one mois­
ture meter checking procedure and care and handling of 
barrels will be given. 
The 5 calibration barrels are filled to the same level 
(5 inches froci the top of the barrel rim). access pipe 
protrudes 6 inches above the wooden cover. There is about 2 
feet 5 inches of material in the barrel. For making readings, 
the probe should be centered in this material. The probe 
chains (Figure ijA) are marked for lowering the probe certain 
depths into the soil. These markingsj naturally, hold for 
access pipes which protrude a certain distance from the soil. 
Before using the barrels, this distance must be ascertained. 
Say. for example, this distance is I4. inches a To get to the 
center of the volume of mixture one must go lij. l/2 inches 
below the surface of the mixture. Qhe distance from the top 
of the wooden cover to the surface of the mixture is 5 
inches. The access pipe is 2 inches longer than for which 
the hypothetical probe unit was designed so the probe would 
be lowered llj. 1/2 plus 5 pli^s 2 equals 21 1/2 inches below 
"groimd surface" as indicated by chain markers. If one 
places the probe an inch above or below the center of the 
material, the reading should not be affected. However, one 
should strive to get as close to the center of the mixture 
volume as is practical. 
Now, if the ins'fcrument to be calibrated in pattemed 
after the one illustrated in Figure 21[ all of the barrels are 
used for calibration. Equivalent field moisture content is 
printed on the barrel# Readings are made in the barrels as 
follows. Take two 5^ second readings in the paraffin stand­
ard followed by two readings in the barrel followed by two 
readings in the paraffin standard followed by etc., etc. 
This process is repeated until the sum of all the counts in 
the barrel is over say, 20,000. Pairs of readings may be 
averaged and the averaged reading in the barrel is divided 
by the average of the average paraffin standard readings 
made immediately before and after it. The ratios thus ob­
tained are averaged and foiir significant figures of the re­
sult are retained for curve plotting. 
If the probe to be calibrated is of completely different 
design than the unit shown in Figxjre I4., a reading is not made 
in the boric acid barrel. Instead a wet field soil is used. 
The calibration points at high moisture content are obtained 
by the moisture reading obtained from a previously calibrated 
and recently checked moistiire meter. How using the newly 
calibrated probe, a reading may be made in the boric acid 
barrel. The moistxire content "seen" is obtained from the 
calibration points foimd in the field. This moisture con­
tent pertains to the newly calibrated device only and is used 
for calibrating further new devices of the same design or for 
checking the new device. 
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It is wise to occasionally repeat the calibration pro­
cedure just described. The new readings should be different 
only in the fourth significant figure. If reading differ by 
more than this one must assume the moisture meter calibration 
has changed and draw a new curve. If several devices appear 
to change, it is possible that something about the barrel has 
changed, for example, boric acid solution may be leaking from 
the barrel, water may have gotten into the barrel, etc. In 
this case the equivalent field moisture content value given on 
the label is no longer valid and the barrel should be refilled. 
The barrels have an air tight seal at the top and should 
remain constant for many years. The sand-alum mixttires are 
at moisture equilibriiim with the atmosphere so moisture dif­
fusion should be negligible. 
Barrels should not be disturbed* If severe disturbance 
is ever necessitated, the cover should be removed after the 
disturbance and the mixture should be leveled. Level of solu­
tion in the boric acid solution barrel should be checked 
every few months. The solution has a l/k inch layer of 
machine oil over the surface to reduce evaporation effects. 
lYater should never be allowed to drip on or stand on 
barrel tops. If the mixtures become wet and meter reading 
changes, a new mixture should be prepared. 
Stability of calibration 
Reproduci.bility of meter Readings have been made in the 
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laboratory and field to gauge the reproducibility of the 
device. Laboratory readings were made in the 876 ml. con­
tainer {Figure 12 at right). In fact the reproducibility 
data was taken as a part of the early data used in evaluating 
the effect of macroscopic neutron scattering cross section* 
The analysis of variance for the data obtained Is given in 
Table 9. 
The experiinent was set up so that readings were taken 
in sets of three• A period of 5 ainutes elapsed and three 
more readings v/ere taken and in 5 minutes this was again re­
peated# The individual readings were called subsamples. The 
three subsamples were called the sample. The treatment con­
sisted of a particular level of sand-alum mixture and thus 
was ccsnprised of three samples. The 6 treatments were repli­
cated 3 times giving a total of 16I degrees of freedom. The 
experimental data were gathered over a period of one month, 
so the experiment shotald be a valid check on reproducibility. 
It can be seen that no effects due to individual readings 
(subsamples) or sets of individual readings (samples are sig­
nificant. If any drift effects or geometry changes came about, 
such an experiment would probably have detected them. ITow 
just 1 or 2 anoiaalous readings possible v/ould not affect the 
analysis of variance, but an inspection of the data revealed 
no such readings were present. These results lead one to 
believe that no long range drift effects need be feared. 
107 
Table 9- Analysis cf variance for early macroscopic scatter­
ing cross section effect experiment. The analysis 
is liGrs used in looking for meter reading drift 
effects 
d.f. s M 
Heps 2 I09ii.59 54723 U.So 
Samples 2 2209 iioi}. H.S. 
Sampling error 3k 36533 1069 H «S « 
Sub samples 2 38S 194 1?.S. 
Sub sampling error 106 95707 903 .s* 
Treatments 5 1330971 266194 Sig at 5^ 
Expi error 10 488961 48S96 
Total error 150 621061 
Total 161 2069088 
Some actual field data- on reproducibility are listed 
in Table 10. Four pipes were located within 50 feet of one 
another in a grass sod on Webster silty clay loanu Pipe 1 
was located in a slight depression. Readings were made in 
late February over a 2-day period. Readings have been con­
verted to inches of water per 6 inches of soil. Soil read­
ings consisted of about 6000 coimts. Each niamber was 
^These data were furnished by Dr. R. H. Shaw, who per­
mitted neutron meter readings to be raade in his moisture study 
plots in early stages of meter development and who agreed to 
use a prototype instrument during further developmental stages 
and finally chose to use the present field meter for routine 
moistxire measurement. See Shaw, etal. (5^). 
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Table 10. Typical field data obtained with the field mete] 
Depth Pipe 1 Pipe 5 
(inches) measurement measurement 
6 1*99 2.08 2.05 2.10 1.95 1.9$ 1^99 
12 l.Bk 1»95 l-8« 1.85 1.56 1.56 1.61 
18 1.72 1.82 1.76 lo79 1.00 1.08 1«08 
2l| 1,59 1.61 1«57 1.56 0,7i« 0.69 0.76 
50 1.56 1,57 1.56 1*56 0.60 0.56 0.62 
1.51 1,59 1.59 1.5? 0,77 0.75 0.80 
52 1.56 1.50 145 1.51 1.00 0.94 0.97 
kS 1.55 1.53 1.51 0»88 oc82 0^85 
^ 1.55 1.51 1.55 1.51 0.89 0.85 0.8 
1 .an 1o-qq n.qli n.q, 60 1.60 1.56 1.61 .65 0.99 0 94 0«9^ 
16.47 16.70 16.56 16.59 10.38 10.10 10.lt 5 
Depth 
(inches) 
Pipe 2 
measurement 
Pipe I4. 
measurement 
6 
12 
18 
2k 
I? po 
42 
k8 
60 
t 2 • J. -r 
1.92 1.92 1.93 
1.® 1.76 1.78 1.76 
1.5ii- 1.28 1.27 1.28 
1.00 0.99 1.00 0.99 
1.00 1.02 0.95 0.95 
O.Tii 0.7h 0.76 0.74 
0.80 0.80 0.77 0.79 
0.86 0.89 0.35 0.32 
0.95 0.99 0.99 0.92 
1.22 1.25 1.21 1.19 
11.75 II.6I1 11.50 11.37 
2.07 
1.69 
140 
0.97 
0.82 
0.76 
0.76 
0.80 
0.85 
0.91 
1.98 
1.75 
l.ij.0 
1.03 
0.86 
0.79 
0.77 
0.88 
0.S9 
1.02 
1.90 
1.69 
1.25 
0.91 
0.74 
0.66 
0.69 
0.76 
0.85 
0.86 
11.03 11.57 10.29 
calculated from one reading. These data represent a cross 
section of field capability, i.e., they are not specially 
selected data» The last profile on pipe !{. reads consistently 
low. This anomaly has not been accounted for. Pipes were 
nob necessarily read in the order the data are reported. 
Errors due to the random natiire of costing cause some 
variation in a given pipe at a given depth. For example, 
assiaming 600O counts per saanple and, say, 1.5 inches of water 
per 6 inches of soil, the meter would have indicated 25 per 
cent water by volume or (from the calibration curve) a read­
ing ratio of l.li+. Thus, 5265 counts were obtained in the 
paraffin standard. The probable relative error for soil 
count and paraffin count would be 0.0179* So from the ran­
dom nature of coianting, the measured value of inches of 
water per 6 inches soil would be expected to be between l.ij.7 
and 1.53 half of the time. 
Special considerations in calibration stability The 
probe used in the field meter (Figure If.) reported here is 
symmetrical with respect to so^lrce-detector geometry. One 
would not necessarily expect the probe to be directionally 
sensitive to an anisotropic hydrogen distribution near the 
access pipe. This effect was checked by maJcing measurements 
in the 876 ml, container (Figure 12) filled with aluminum 
ammonium sulfate but with a 0^ ml» air pocket on one side. 
Readings were taken with four 90 degree orientations of the 
probe and no significant difference in coxants between 
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orientations was noted. 
However, it was noted if the probe were located in a 
medium that for a horizontal orientation of the probe, the 
covnt obtained was slightly higher than with vertical ori­
entation. This effect was isolated to the source-detector 
assembly (and exclusive of the amplifier) but the actual 
mechanism was not discovered# Ordinarily, all readings are 
taken with vertical orientation of the probe so this effect 
was investigated iio further. 
The gross effect of temperature on count reading ratio 
was examined for temperatures of 75° and 15*3*^ read­
ing set was made in a roan at the former temperature in a 
small paraffin container. The apparatus was moved out of 
doors and allowed to stand for 5 hoiars. At the time of read­
ing the latter temperature prevailed, ao significant dif­
ference in moisture meter readings was obtained. It is pos­
sible that some effect could be noted between, say, 75° 
and 110° P. although readings made earlier with a different 
device showed no difference between reading ratios at 75° 
and 90° P« 
Stamaary of factors affecting calibration curve 
The calibration coarve depends upon factors which affect 
probe sense and factors which affect the electrical pulses 
between the probe and tiie counter output. Many factors have 
been previously discussed. The factors listed here pertain 
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to the probe-counter type system. Some factors are stable 
once determined but if some subsequent modification of a de­
vice involves change of such factors the calibration curve 
will be changed. A list of factors and amplifying state­
ments follows: 
1, Type of soxirce and detector. The strength of the source 
as well as the energy of the source neutrons are im­
portant here. The range of neutron energies for which 
the detector is sensitive is involved, 
2, Geometry of source and detector. In addition to obvious 
geometrical effects, if cadmium shielding is used, it 
has been found that no slippage of the shielding can be 
tolerated. Materials used in the probe assembly and 
manner of construction also influence readings. 
5- Size of medium in which device was calibrated. One 
obtains unique calibration curves for readings near 
surfaces. 
i}.. Distribution of hydrogen in calibrating medium. 
5* Composition and construction of access pipes. For one 
thing, some pipe is galvanized and cadmium is frequently 
an impxirity in zinc. Pipe diameter and wall-thickness 
are also factors. 
6. Method of placing pipe in soil. Heat conduction and 
water entry are factors. 
7. Length of time pipes have been in soil. 
8. Length and type of pulse coupling cable. 
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9» Size of hydrogenous standard used* This is important 
only for the ratio plotting method. 
10» Temperature, Paraffin may be used as the standard and 
this material has a substantial coefficient of 1±iermal 
expansion* Also values of circuit components may change 
with temperature, 
11« Circuit constants. Dead time is a factor. Some cir­
cuits are very sensitive to voltage changes. Value of 
individual ccmponents is important. Age of vacuum tubes 
can affect the calibration curve. 
12. Pulse counting rate. Effects of dead time and back­
ground have been discussed. 
15. Technique of operating meter. Timing errors, reading 
errors (especially in the case of rate meters) are in­
volve ds 
ill. Soil properties. Density, content of neutron absorbing 
nuclei and natural hydrogen content exert influence on 
calibration. 
If one can justify use of the ratio plotting method for 
a particular meter, effects 8, 10, 11, and 12 appear to be 
negligible• 
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COIJSIRUCTION MD EXPSRIMTAL 
APPLICATIOIT OP THE FIELD METER 
The meter described in this chapter has been used with 
success in the fie Id o Many details listed herein are re­
lated to topics discussed in the chapter on instrumentation, 
but in view of tiie success of the meter it was decided to 
consolidate the constructional and operational details of 
this device into a single chapter. Also included is a de­
scription of some of the experimental capabilities of the 
meter. 
Constructional Details of the Field Meter 
The neutraa moderation field moisture meter (Figure 
25) consists of two major parts: a probe unit consisting 
of a probe and carrying case (Figures i}. and 8), and a 
counting unit (Figure 26). 
Mechanical assembly 
Probe Two inch O.D., l/l6-inch wall aluminum stock is 
used for probe housing (Figure ij., K and L). The I.D. of the 
lower housing must be enlarged to accommodate the source 
(nominal 10 mc. Ra-Be obtained from U. S. Radium Coi*p., 555 
Pearl Street, 2Tew York, H'.T.) and remainder of the source 
positioning assembly, J, 21, 0, and P of Figure ii. Details 
are listed on the diagram* An annular source rest (P) is 
prepared which will slip fit in this enlarged space. It 
rests on the resulting shoulder. Normally, the source rests 
on top of the source rest but a mock source should be mad© 
Figure 25* Field 
. Left, 
Right, 
moisture meter, 
probe unit, 
counting imit 
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Assesbly of counting unit* 
A Cover 
B Battery retainer 
C Case insulator 
D Front panel 
E Coionter assembly panel 
P Switch panel 
1 t '7 
a. X ( 
'8' 
SCALE. |:3 
0 3 6 
INCHES 
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up for constructional purposes. The actual source should 
be inserted only upon completion of the apparatus. A lead 
shield (0) loosely fits above the source. The radial thick­
ness of the lead should be greater than that of the source. 
!Ihe brass coupler sleeve, (J) which slip fits into the upper 
and lower probe housing is constructed and slipped into 
place. Six flat head screws should be used to hold it 
in place. Threads can be tapped into the brass. The screws 
should be counter-sunk in the probe housing and seated in 
rubber cement. A rubber spacer provided a snug fit between 
the lead ^ield and the coupler sleeve. It is desirable to 
kntarl the probe housing just outside the source, ISIhen the 
probe is assembled the knurling indicates the location of 
the source. The end plug (s) slip fits into the probe hous­
ing® This plug should be of steel to resist abrasions in 
the access pipes. Again, six screws are recommended for 
holding this plug. The upper end plug (B) may be of brass. 
The cable coupler is mounted on this plug and the brace rods 
(E) may be threaded, screwed into holes tapped into the end 
plug, and silver soldered into place. A hole is provided for 
passage of the multiconductor power cable. The components 
of the amplifier can be moiinted on plates (C, D and H) held 
in place by the brace rods. These plates may be of steatite 
or some such instilating material or of brass if one wishes 
to use mounting terminals. Sponge rubber can be placed 
about the vacuum tubes (P). Th-ls rubber padding is held in 
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place by motinting plates (D and a). Cadmium shielding 
(1/61^. inch thick obtained from White Metal Rolling and Stamp­
ing Corp», 8ii Montier Street, Brooklyn, is provided 
over all the detector, including the head end, except the 
center if inches. The source should be at the center of this 
open region when the probe is assembled# It will be neces­
sary to remove the name plate of the coimter tube for mount­
ing of cadmium. A flat head screw through a name plate 
mounting hole will serve to hold the upper cadmium shield 
(M) in place• The lower cadmium shield covers the end of 
the counter tube as well as part of the sideo A rubber 
spacer (R) holds the lower cadmium shield against the counter 
tube. The final part of the assembly is to adjust the thread­
ed sleeves on the end of the brace rods so that the counter 
tube is held firmly against the rubber spacer (R)« These 
threaded sleeves are then soldered into place. 
Markers should be provided on the chain. (It is most 
convenient to use a chain with links about 1/2 inch long.) 
The distance that the access pipes are to protrude above the 
ground should first be decided. Then markers can be put on 
those links which give the desired positioning of the source 
below the ground surface. Naturally, it is convenient to 
use the same access pipe protrusion distance for all pipe 
locations. 
Carrying case Ihe probe housing Figure 8 is made from 
nominal 2 inch, thinwall electrical conduit. The piece is 
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removed from the side of the upper portion as shoiira in Fig­
ure 8« The edges must be left smooth or saiiring of cables 
will result. A mold for the lead shield should be prepared 
in accordance with section A-A. A btirr can be welded on the 
probe housing to fix the lead shield into place, once cast. 
A one gallon container for the shield-standard assembly con­
tainer (S) is welded into place. A lid for this assembly is 
also to be provided and is slipping on the probe housing at 
this time. The steel handle (C) and the probe guide collar 
(G) are then welded into place. The I.D. of the probe guide 
collar just accommodates the O.D. of the electrical conduit. 
The conduit may fit into the probe guide collar l/8 inch. 
High-melting point paraffin wax is poured into the space 
surroxanding the lead shield. The pouring temperature of 
the wax should be Just above solidification point to minimize 
contraction upon cooling. When cooling has reached room 
temperature the cavity which appears in the wax may be filled 
by a further pouring. A gap of l/k inch should exist be­
tween the wax surface and the lid when it is in place. When 
cooling is complete the lid is pressed into place. A probe 
support pin (A) and chain (B) are provided. The top of the 
probe housing is grooved to accomodate the support pin and 
prevent slippage. 
Counting unit A sheet steel box (Figure 26) should be 
fabricated first. The cover (A) is fitted with a window of 
1/16 inch plastic. The counter tubes will be viewed through 
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this T^indow# A handle is mounted on the cover also. There 
should be an^sle room under the handle for ones gloved fin­
gers. Spacers may be needed as shown. Three holes in the 
lid are provided, through which the switches will protrude 
when the unit is completely closed. The cover edges fit 
down over the box sides l/k inch. Most of tiie electronic com­
ponents are mounted on the front panel, and it is convenient 
to have the front panel removeable for ccsastruction and 
maintenance purposes. Cable connections and potentiometer 
mountings are as shown. The counter assembly panel is pre­
pared by cutting holes from the 4 glow counter tube sockets 
and the 8 driver tubes as shorn. A panel above the driver 
tubes, through which the glow tubes protrude, is provided, 
lumbers are stamped around the tube holes as indicated. The 
method of numbering shown is for operation of the counting 
units tube. The switch p^el (F) is mounted at the top of 
the front panel. A latch (not ^own) to secure front panel 
to cover must be provided. 
Suggested battery placement is shown in Figure 27. A 
wooden chock of 1/2 inch plywood prevents battery movement 
about the bottom of the box, and the battery retainer pre­
vents vertical movement. Thin (I/16 inch) insulating mate­
rial (this may be plastic or coicposition) material (C) is 
placed around the sides and the bottom of tiie box« This in­
sulation prevents any contact between batteries and box. 
Pigiare 27* Battery placement diagram, 
C is case insiilator. 
Numerals refer to E values 
Figure 28 
IZZb 
CHOCK. WOOD 
SCALE. 1:2 
0 2 4 
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Figure 28. Electronic circuit for field meter. 
NOTE TO USERS 
Oversize maps and charts are microfilmed In 
sections in the following manner: 
LEFT TO RIGHT, TOP TO BOTTOM, WITH 
SMALL OVERLAPS 
This reproduction is the best copy available. 
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It has been foTjnd that gradual current leakage through the 
cardboard cases can discharge the batteries. 
A female plug is mounted in the back side of the box for 
the voltage tester. 
Electrical assembly 
Probe The diagram for electrical caaponents in the probe 
is given in Figure 28, A parts list for this diagram is 
given in Table 15V cable from the BID counter tube to 
the amplifier input capacitor should be as i^ort as possible 
and still be long enough to have a bit of slack ^hen the unit 
is assembled. Point to point hook-up of the amplifiers is 
recommended. Leads betireen circuit components and tube ele­
ments should be as short as possible. Isolation between in­
put and output circuits is essential. The use of disk type 
capacitors is recommended for reasons of isolation and con­
servation of space. The bias battery, should be set to 
just bias out any gamma ray pulses* These will be very small 
pulses and it has been the experience that any bias at all 
does this* However, it is possible that some further bias 
may be needed to suppress oscillation althou^ a well con­
structed amplifier should not oscillate. Shielding between 
the input grid and output plate may be necessary, especially 
if large size components were used. The hole through which 
the 5 wire cable passes shoizld provide a snug fit and, 
further, can be sealed with some flexible cement. The 
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coaxial cable connection is sensitive to flexing and can 
easily develop intermittent contact. To minimise flexing 
near the solder joints, a 2-inch piece of brass tubing with 
the same 0,D. as the screw connector, can be soldered to the 
upper part of the screw connector® Tiiis will still permit 
the cable coupler to be dismantled should trouble ever de­
velop# This same treatsient should be given the coaxial 
coupler on the counting xmit end. The two cables should be 
tied togethere. Tiiey may be of any reasonable length de­
sired. Lengths up to 50 feet have been found satisfactory. 
It is not known Tsrhat the upper length limit is. 
Counting unit The glow tube sockets and driver tube 
sockets should be mounted first. The glow tube sockets should 
be carefully checked to verify proper orientation. It is 
most convenient to locate the driver tube sockets between the 
triggering glow tube and •ftie glow tube to be driven by that 
particular driver circuit. Short leads and point to point 
wiring are not so important in this unit. Although^ tb? rulse 
input lead, from ^ack to tube, should be short or coaxial 
cable should be used. When soldering in the crystal diodes, 
care must be taken to prevent overheating. It is good 
practice to hold lead between the component body and the 
solder joint with pliers during soldering and until cooling 
is complete. The unit employs three switches; they undergo 
hard use in the field. Best results are obtained if only 
D.P.D.T.switches whicih have 3 A. at 125 V. rating are used. 
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The movement on this type switch has been f012nd superior to 
S»T, movement. If the instrument is to be operated from the 
back side, as is recommended, it is desirable to place the 
on-off switch to the operator's left; zero switch S2 in 
the center and the count-stop switch S2 to the operator's 
right in such a fashion that the count stops when the switch 
is thrown to the right* This arrangement has been found 
to reduce accidental switching. 
It is desirable to put a plug in the cable between the 
circuitry and the batteries so that the power may be com­
pletely disconnected from the front panel circuitry for 
assembly or repair, !fote that and consist of batteries 
in parallel (Figure 27), 
The variable resistors ^22' ^ 55 ^14.8 (screw­
driver adjusting) should bs mounted as nsar thsir respective 
grids as feasible but in some position where adjustment can 
be made. It is not necessary to provide means of adjusting 
these resistors "s^en the box is completely closed. They 
should be adjusted to provide about -20 volts bias to the 
control grids of V^, Vy and V^, It may be necessary to 
adjust (which is mounted on the front panel) to bring 
the voltage to this range. 
For initial checking, a pulse generator which supplies 
negative pulses of about 5 microsecond width or longer may 
be used. The resulting piilses appearing on the plates of 
the driver tubes should be about 75 to I50 microseconds in 
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width and should be independent of input pulse height and 
width. The height of pulses appearing on t^e plates is un­
important so long as the height triggers the glow tubes. If 
for some reason it is desirable to check one of the last 
three driver stages independently^, positive pulses can be 
applied to the grid of Yrj, or Some further adjust­
ment of R2.5' Rppj or Rj^g may be necessary to make the 
stage trigger properly with the input pulse from the pre-
ceeding stage. A final adjustment should be made on these 
variable grid resistors^ The resistor for ^^13) should 
be set to maximize the counting rate and yet permit stable 
operation. It is suggested that the following fine adjust­
ment be made: with pxilses being counted aad as the main bias 
control is rotated to increase resistance, is adjusted 
so as to make the hundreds tube free-run just before the 
other tubes begin to free-run. Again, witti pulses being 
counted and as the main bias control is rotated to decrease 
resistance, Rgp is adjusted so as to make the tens tube stop 
counting just before the other tubes stop counting. 
Battery tester The battery tester wiring diagram and 
method of wiring the connecter plug to the comting unit are 
shown in Pigtare 10. A three gang, single pole, seven throw 
switch is used as selector switch. Voltage range is also 
selected with this switch. A microampere meter is the 
indicator. A larger drain meter should not be used since 
circuit loading would become excessive. 
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the switch in position A the meter is a 0 to 200 V» 
meter; in positions B, C, E and F, a 0 to 100 meter; in 
position D, a 0 to 5OO meter; and in position G, a 0 to 
2 V. meter. 
The resistors, ®77' ^ 78 ^79' used to cali­
brate the meter on the various ranges. Encircled numbers 
near battery designations refer to the E numbers on Figure 
28. 
Operational Details of the Field Meter 
This section is designed to serve as a general manual 
for the field worker and as a guide for repair of the field 
meter. 
Equipment 
To make moisture measurements by the neutron method, a 
probe is lowered into the soil. The probe consists of a 
source of fast neutrons in proximity to a detector of slow 
neutrons. The fast neutrons are slowed down by the hydro­
gen atoms in soil water, and those slow neutrons returning 
to the detector are counted. The number of slow neutrons 
detected in this arrangement, per unit time, is a measure of 
soil moistijre. 
The principal part of the moisture meter are a probe 
unit, which includes a probe and a carrying case, (Figure 
and 8) and a counting unit (Figure 26 and Figure 25 at right). 
The probe raait contains a BIO-enriched, boron lined, slow 
129 
neutron counter tube, subsequently called the detector tube 
(Figure 4q)« An annular sotarce of fast neutrons (nominal 10 
mc# Ra-Be) is mounted about the center of the active portion 
of the detector tube. 
When the counter registers a slow neutron, an electrical 
pulse is produced. These electrical pulses pass directly to 
an amplifier and then "through a length of cable to the count­
ing unit. 
The counting unit (Figure 26) consists mainly of four 
glow transfer counter tubes (type GSIOC or GClOB) with asso­
ciated circuits and power supply. The only controls for the 
moisture meter ajre a pov/er on-off switch, a count reset 
switch and a count start-stop switch. Each of the glow trans­
fer tubes is driven by a univibrator circuit employing sub-
miniature hearing aid tubes {type CS-60S8}, The first of 
the counter tubes records units| the second, tensj the third, 
hiandreds and the fourth, thousands. To make a count, one 
first resets the glow counter tubes to zero; then switches, 
with the count start-stop switch, the pulses into the coxinter 
for a period of time. (When 10,000 coxmts are completed the 
four glow counter tubes are again at zero and start over 
again.) 
The power supply is madis up of dry batteries. The high­
est voltage used is 600 volts. 
Since the probe imit contains radioactive material, the 
case for cai'rying the probe (Pigxjre 8) should afford pro­
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tection to the operator. The case is made in part from a 
piece of thin -wall electrical condioit with a 2 I/16 inch in­
side diameter. Lengths of conduit are also used for the 
access pipes. Access pipes are pipes placed vertically in 
the soil into which the probe is inserted and lowered to the 
desired depth. Bie case has lead and paraffin shielding 
around the soxarce when the probe is in its normal carrying 
position. The lead serves as a gaoana ray shield, while the 
paraffin serves as a neutron shield. The paraffin surrounds 
the lead. The hydrogen in the paraffin behaves similarly to 
the hydrogen in water in its ability t o slow fast neutrons. 
The paraffin also serves as a standard source of counts to 
which the counts obtained from the soil moistxire may be com­
pared. In addition to the lead shielding just mentioned, an 
annulus of lead (Pigxire i}., 0) directly above the source pro­
tects the operator from gamma radiation in a vertical direc­
tion. Maximum radiation to the operator comes when the 
probe xanit is being carried. Carrying time is but a small 
fraction of operating time. Ilie shielding was designed for 
at least 8 hours a day, 6 days a week, of moistxire meter 
operation. 
The lower portion of the case is constructed with a 
collar to slip over the end of an access pipe, the upper end 
of which i s set to protrude about ij. inches above the soil 
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surface• 
Specific operational details 
fi^ansportation of meter When the instruuient is not in 
use, the power on-off switch should be off5 the position of 
the other switches is not important. The probe unit and 
comting unit may be separated for transportation* For this 
the connecting cable is disconnected at the counting unit. 
The probe should be placed in the carrying position; the 
probe support chain (Figure 8 A) is marked at this position. 
This position centers the radioactive so^irce in a lead and 
paraffin shield. This position is also used for making 
standard readings. One should not remain in the vicinity of 
the radioactive unit iinnecessarily. 
Field readings It is not advisable to lay the probe 
unit on the ground. V!?hen not being carried about it diould 
either be in a vehicle, in a special box or on an access pipe. 
Before a seasons use, the access pipes should be checked for 
probe entry. This can be done with a dummy probe, i.e., a 
cylinder of the same shape as Ihe probe which can be lowered 
into each pipe. If an access pipe were kinked during driving 
into the ground the probe could become wedged in the pipe. 
(Incidently, wedging in the pipe can also be caused by a 
loose screw on the probe.) It is a good idea to visually 
check each pipe by flashlight prior to placement of the probe 
unit on the pipe. 
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A reading should be made in the paraffin standard when 
the probe unit is in place. The reading is roade usually for 
50 seconds# In operating the switches, a fast, firm action 
shoiild be used# Slov?, deliberate manipulation of switches 
shortens switch life and an occasional poor contact results® 
Whatever time is used for standard reading will be used for 
each reading in the pipe also. In other words, all soil 
readings are taken for the same period of time as are the 
paraffin standard readings by which the soil readings are 
divided. The paraffin standard is usually read again before 
the probe mit is removed from the access pipe. It is the 
ratio between soil reading and standard reading which is 
reported in the calibration curve, so this ratio must be used 
in conx'erting meter reading to per cent water, ?^en lowering 
or raising the probej care should be taken to protect the 
cables against excessive flexing aad sawing effects. The 
chain and not the cables should be used to raise and lower 
the probe. 
The longer the batteries have been used, the lower the 
voltage becomes# The lowering of voltage affects meter opera­
tion, Some circuits are more sensitive to such voltage drift 
than others. The most offensive circuit in this regard is 
the plate circuit of tho driver tubes. The lowering of plat© 
voltage reduces the count rate. This reduction of count 
rate is most readily detected in paraffin standard readings. 
The reading in the paraffin standard will be around 55OO 
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counts in 50 seconds with fresh batteries in the circuit. 
As this reading becanes lower the "bias adjust set" (on the 
front panel) can be used to lower the bias (make it more 
positive) and the count rate will increase. This adjustment 
should not be made after the paraffin standard for a pipe has 
been read. If it becomes essential to adjust this control 
(i.e., if a tube fails to transfer) then the readings on that 
pipe should be started again. Frequent need for adjustment 
usually indicates a bad battery and voltage tests should be 
made. This procedure is discussed later. 
The meter can be adjusted in such a manner that a too 
low or too high bias adjustment (front panel) is readily de­
tected. If the meter has been wired and adjusted in this 
manner the operator watches for the following. If the bias 
voltage for the driver stages is too positive with rsspsct 
to the plate voltage, one of the stages may tend to oscil­
late, that is the glow may advance more than one pin upon 
being triggered by the preceding stage. The hundreds tube 
will do tliis before any other. If the bias is set too 
negative with respect to plate voltage, one of the stages may 
occasionally go to cut off, that is, the glow may fail to 
advance when triggered by the preceding stage. The tens 
tube will be the first to do this. 
Radiation hazard The portion of the probe enclosing 
the radioactive source is kniu?led. This portion should not 
be exposed unnecessarily, and one must not touch or grasp 
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this region. However, if one stays at least i}.0 inches from 
the radioactive source, he could work with the bare source 
8 hours a day 5 a week and would receive a tolerance 
dose or less of radiation. Even this shoiild not be allowed 
to happen. ^The farther below the tolerance dose one remains, 
the better. Such an exposure should result only if prolonged 
adjustment were needed on the bare probe. Such adjustment 
should not be undertaken vrithout supervision of a health 
physicist. 
Radiation encountered in routine use is small if the in­
structions contained herein are followed. A good rule: IHE 
ONLY TIfflE TEE OPERATOR IS WITHIIf THREE PEET OP THE PROBE 
IMIT IS HE IS CARRYING TSE IMIT OR ADJUSTIIfG PROBE 
POSITIONING H-T ACCESS PIPS OR CARRYING CASE. During measure­
ment, the operator issEifest when the probe is in the ground. 
Maintenance 
T?eak points in circuit operation are batteries, switches 
and cable connections, mainly the coaxial cable connection, 
although, infrequently, a wire breaks in the multiconductor 
cable• 
Battery voltage can be checked at any time with the 
plug-in tester previously described. This tester measures 
terminal voltage of the batteries. The two 3OO volt bat­
teries should be tested only with a vacuum-tube voltmeter. 
Table 11 gives the minimiam voltage for various circuits 
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and batteries. Batteries are numbered according to the cir­
cuit diagram (Figure 28), Ihe minimum voltage value pertains 
to the reading obtained with the counting unit on-off switch 
in the on position. If the voltmeter indicates a sizeable 
drop when the on-off switch is tiarned on from off, the 
particular batteries involved may be getting weak and will 
bear frequent checking. When batteries reach the minimum 
voltage indicated on the tester, they should be replaced. 
One should be very careful to not allow any battery 
tern5.nals to touch one another. Also iinless the coupling 
plug between frcmt panel assembly and the battery pack is dis­
connected voltage will be present on the front panel com­
ponents whether or not the power switch is on. A person, if 
careless, could receive an electrical shock which oould harm 
both him and the batteries. 
The operator should occasionally check the probe for 
loose screws. Any loose screws can be daubed with rubber 
cement and reseated. 
If any of the switches fails to exhibit its character­
istic "click" it may be failing and should be replaced at 
the earliest convenience. It is important to replace 
switches with the same type switch which siiould be a P,P,P,T. 
switch rated at 5 A. at 125 V. A switch can fail and still 
make a clicking soiand when turned. The operation may then 
be intermittent, for example, if the power on-off switch 
fails intermittently, the power may or may not be switched 
l$6 
Table 11. List of circuits tested with the plus-in volt­
meter and minimum operating voltages therefore 
Switch 
position Circiait 
Batteries 
tested 
Minimum 
voltage 
value 
A driver plates 5 and 6 1^5 
B driver plates 5 62 
C driver plates 6 
D glow tube anode 5,6,7,8, and 9 380 
E bias 2 68 
F amplifier plates 10 88 
G filament k 1.38 
when the switch is turned. If the c ount-stop switch fails 
intermittently the count may not cease inmediately, or at 
all . when the switch is thrown® 
Cables should be checked frequently. A poor cable con­
nection can cause intermittent operation, that is, some 
counts may be missedo This can be detected by flexing cables 
while counting and looking for any change in counting char­
acteristic of the meter. No leads should be e35posed in the 
cables. Plastic electrical tape is usually a good temporary 
measure for covering exposed cables. 
Repair and adjustment 
The probe should not be opened by anyone not familiar 
with its construction or familiar with the radioactive hazard 
involved. 
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Function ot normal circuits \fhen a neutron is register­
ed by the counter tube (Figure 28 D) a negative electrical 
pulse of amplitude less than Oo5 "^olt is produced. This 
pulse is amplified (V^^) and the resultant positive pulse is 
fed to a low impedance output phase inverter (V2)» The 
negative pulse is then fed to the grid of the conducting tube 
(V^) of a univibrator circuit (V^ and The reqiiired pulse 
height to trigger this stage will be in the order of 5 
The univibrator stage goes throu^ a cycle, the output pulses 
being fed to the guide pins of a glow transfer tube 
The output pulses are on the order of 75 3.00 microseconds 
long* Negative pulses are required to drive the glow trans­
fer tube. The positive pulse from is differentiated and 
only the negative portion is useful in transferring the glow. 
%s output frcxu is a negative pulses ffhen the zero 
cathode of the glow tube conducts, the voltage developed 
across capacitively fed to the nonconducting tube in 
the next driver circuit (V^ and V^)» The process is now the 
same for the remaining stages. 
Common causes of failure are listed above under "Opera­
tion" and under "Maintenance". liShen undertaking circuit re­
pair, note that the cathode circuit is broken by switch 
Therefore the circuitry on the front panel has a voltage with 
respect to groiand at all times the plug between battery pack 
and front panel is coupled. 
Battery replacement During battery replacement one 
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must be careful not to allow loose leads to come in contact 
with other battery leads* Replacement is somewhat simplified 
if the clips on the negative terminal on the new battery are 
slightly spread. Spreading of alternate prongs is suggested. 
This also makes it easier to remove fee clips without damag­
ing the lead at some future date. Use of the voltage tester 
and minimum terminal voltages have been given earlier. 
Adjustment of univibrator grid resistors If one of the 
glow tubes will not transfer pulses and the plats voltage 
supply is satisfactory, the variable grid resistor for the 
inoperative stage may need adjustment. IMs resistor adjusts 
the bias on the cut-off tube of the pair in the driven cir­
cuit. To make such adjustments negative pulses can be fed 
to the grid of or positive pulses to grid of or 
Poises from the amplifier are to be preferred when adjust­
ing The probe unit should be placed at cables length 
frcwi the service area (radiation hazard). Adjustment pro­
ceeds by slowly turning the grid resistor (Rx^a ^22' ^ 35 
R|^8) adjustment until the tube transfers properly. Now a 
final fine adjustment should be made. With pulses being 
counted and as the main bias control front panel 
mounted) is rotated to increase resistance, is adjusted 
so to make the hiandreds tube free-run just before other tubes 
begin to free-run. Again wilii pulses being counted and as 
the main bias control is rotated to decrease resistance, R22 
is adjusted so to make the tens tube stop counting just be­
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fore the other tubes stop coionting. 
Thus the tens tube and the hundreds taibe can be used for 
checking need for main bias adjustment or suspected low bat­
teries. 
Trouble shooting 
If the earlier mentioned adjustments fail to uncover a 
malfunction and if all batteries, cables and switches are 
found to be in order, seme difficulty probably iias arisen in 
ccxijxmction with one stage. Tubes can be interchanged to 
check them and characteristic smbisnt operating voltages or 
wave forms can be obtained from operative stages. Most re­
sistance values are not critical and near values should suf­
fice if replacement is in order and the exact value is not at 
hand. Referring to the units counting stage, Cg, Cj_q and 
should be kept at values or close to those listed as pos­
sible, should they need replacement. Other capacitor values 
are not critical. 
Experimental Application of Field Meter 
Details reported in this section refer to the use of the 
device shown in Figures ij., 8, 25* 26 and 27. 
Placement of access pipes 
Nominal 2 inch, thinwall electrical conduit is used for 
access pipe material. It is important to case the access 
hole in such a manner as to cause a minimum of disturbance 
lii-0 
to the surrounding soil. A system of alternate angering and 
pipe driving has been found to be the most satisfactory 
methodo An auger can be fabricated so as to Just fit inside 
the pipe, A steel pounding head protects the pipe while 
driving, ihe pipes are driven with a maul* 
Pipe insertion If the soil is in a plastic state, good 
results have been obtained by either driving the pipe one 
foot or more into the soil and then angering the soil from 
the pipe or by augering the soil from the ground for one 
foot or more (or from below the end of the pipe) and then 
driving the pipe into the short cavity. 3ii either case 
several alternations are reqiiired to completely place the 
pipe# Just which method works best depends upon local con­
ditions. One wishes to minimize damage to the pipe {even a 
small irregularity in the pipe may prevent probe insertion) 
and yet maintain good soil-pipe contact. In sand horizons or 
dry, hard locations a modification of technique is helpful, 
A small (1-inch diameter) auger is used to drill a short dis­
tance ahead of the pipe, Ihe pipe may be driven the same 
distance and the shattered soil in the pipe is readily re­
moved with the 2-inch auger. 
Treatment of pipes in place When using the probe unit 
described herein it is necessary to have the access pipe 
protrude at least i|. inches above ground surface. If the 
pipes are to be in place for an extended period of time it 
is desirable to minimize some disturbing effects. 
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Heat conduction is a possible source of error# Con­
ceivably, heat conducted doisn the pipe virill serve to drive 
moisture from fee vicinity of the pipe, ^/here solar radia­
tion can be intercepted by the pipe, silvered cardboard car­
tons can be placed over the top of the pipe. Ventillation 
holes will help keep the pipe at air temperature. If air 
temperatures are high^ a removeable wrapping of asbestos can 
be provided. A further wrapping of aluainiim foil will aid 
reflection. 
Soil can be coned about the pipe to reduce water infil­
tration through any cracks in contact with the pipe. Pipes 
have been used in a soil with a iiO per cent clay content, 
and the pipes appeared to induce no cracking. Also, no root 
concentration around pipes has been noted in a flood irriga­
tion experiment. If a high water table night exist in the 
pipe location, the lower extremity shoxild be plugged; a 
rubber stopper can be pushed down fee pipe to achieve this. 
ITuaber of pipes per experimentajL plot JTo general rule 
can be made for determining the number of pipes to situate 
in an experimental plot. [The number will be mainly depend­
ent on soil characteristics. A field experiment was imder-
taken to estimate variances associated with field measure­
ments by the neutron moisture meter. These measurements were 
made in conjunction with an existing moisture study. Some 
of the data are discussed by Shaw, et al., (54) si^id it 
appears that the standard error of the mean associated with 
1^ 2 
neutron samples is one sixth that associated with gravimetric 
samples* Gravimetric samples here were 1 inch in diameter 
and 1 foot in length. Some improvement is expected because 
the sample size involved -with the neutron method is much 
larger. 
If one has information available as to soil variability 
with respect to gravimetric sampling then the above result 
can be used in setting up an experiment, 
How, the above resiilt applies to localized soil varia­
tion, If soil varies only over considerable distances and 
this variation must be taken out in the statistical analysis, 
then access pipe locations must be extensive enough to cover 
the variation. 
Technique of measurement 
Probe location in pipe for reading Ihe center of the 
volume sampled has been found to be at the source. This is 
to be expected in a probe with the geometrical centers of 
the detector and source coinciding. 
The variation of sample size with moistiare has been dis­
cussed, Prcm consideration of the slow neutron curves cited 
it is apparent liiat moisture near the center of the sample 
has a greater influence on the reading than moisture at the 
far extreme. Field experience seems to indicate that the 
optimum spacing of samples in the profile for evapotranspira-
tion work is 6 inches. For other tsrpes of work, spacings 
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more closely related to the sample size may be more desirable. 
But on the average it seems that if one measures at less than 
6-inch intervals some overlapping occursi measuring at, say, 
12-inch intervals can lose information. 
Counts per reading This subject is amply discussed else-
Tsfoere (1, 7) is important enough to merit mention. When 
one has decided upon the sensitivity his measurements must 
achieve for his experiment, the number of counts per measure­
ment may be set. This will be based on the random nature of 
the counting and the probable relative error associated with 
counting must be well under tl:]e error estimated for the ex­
periment. 3ii using the ratio system, on bears in mind that 
the relative errors in the two terms are additive. 
Field checking of meter Under certain conditions it may 
bs desirable to use a supplementary standard in the field® 
This can be a container filled with hydrogenous material and 
fitted with a short access pipe. Experience has shown that 
errors due to differences in centering the probe in small 
containers are negligible if reasonable care is taken in 
placing the probe in the access pipe. A worker can thus make 
a test ratio with standard media in the field. 
The plug-in switching voltmeter described earlier is use­
ful for checking batteries once trouble due to this source 
is suspected. As shown by Figures 7 25 the device is 
readily plugged into the counting unitj measurements are made 
directly across battery terminals. In addition, the main 
VnU 
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s^itcli can be turned off and on to measure the terminal volt­
age decrease mder load conditions. 
Typical field performance 
Field meter readings have been compared with data gather­
ed by gravimetric sampling. In a 3 ^ 7 5 Latin square, i^-O 
feet by kO feet, individual readings in the individual 9 pipes 
were found to differ with gravimetric samplings in the inme-
diate vicinity. However, on two soils, Webster silty clay 
loam and Clarion loam, the averages of the two methods over 
the separate experiments agreed closely for- all depths, not 
differing by more than 0.1 inch of water per foot at any 
depth. 
Table 12 gives some typical data from an evapotranspira-
tion experiment using the field meter. These data are for 8 
access pipes each in an area containing l600 square feet. 
The area was cropped with corn and the soil involved was Colo 
silty clay loam. The moisture values for the 0 to 5 inch 
depth were obtained gravimetrically. The average standard 
error of the mean for the average total values was found to 
be about O.O? inches of water. It was seen that this is a 
minimiim value obtainable in this soil. 
Measurement of moistiire in com grain 
Assuming that dry matter in com grain is mainly carbo­
hydrate, one would expect dry corn grain to appear near yO 
per cent water by volume. Allowing for the low bulk density 
1^ 5 
Tabis 12. Typical data from an evapotranspiration experi­
ment. Values tabulated are change in moisture 
content during the period listed. Moisture con­
tent is in surface inches of water- per depth 
increment 
Aug.15 Aug.25 Sept.15 Oct.5 0ct.2i| Nov.9 Jan.? 
Depth to to to to to to to 
(inches)Aug.25 Sept.l5 Oct.5 0ct.2l| Nov.9 Jan.7 Feb.l9 
0-5 .Oi}. -.12 — 0I3 .23 .26 .27 .25 
5-9 .07 .12 -.32 .57 •111 -.12 o26 
9-15 0 .58 -.09 .06 .16 — .05 .02 
15-21 .01 .05 .01 .04 .15 .11 -.05 
21-27 0 — .oil -,01 eOl^ e07 cl8 -s06 
27-33 -.02 -.06 -.01 .01 — .02 .18 -.06 
35-59 -.Oii- 0 — .02 -*03 -.03 .02 -.01^ 
59-14-5 -.06 -.01 .01 -.oi^. -.02 -.01 
45-51 -.02 -.06 .01 , -.01 -.02 0 
51-57 -.05 0 .03 .01 .02 -.01 
57-65 — .02 -.03 -.02 -.01 -.02 -.02 
Ave. 
Tot. = 
-0.15 0.51 -0.60 0.67 0.75 0.55 0.50 
Pre-
cip. » 1.12 5.13 0 1.51 1.85 1-52 0.76 
Tot. 
Loss = 1.27 2.82 0.60 0.81^ 1.12 0.77 0^4-6 
Loss/ 
day = 0.16 o.lij. .028 .014.2 
.095 .011 .011 
^•Data ooxjitesy R. H. Shaw. See Shaw, et ai. (51; ) . 
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and the presumably attendant low macroscopic scattering cross 
section, a neutron moistxire meter read would probably read 
less than 50 cent. Generally, the moisture range of in­
terest in corn will be from 10 to 20 per cent on a wet weight 
basis© 
A nominal 10 gallon container (Figure 12 left) was used 
for measuring grain moisture. The container held pounds 
of shelled corn at 9*8 per cent water, wet weight basis. So 
presximably the moisture meter should detect 54 cent water 
(or less) if the san^sle were effectively infinite, but it 
is certain that the sample was not infinite. At any rate, the 
meter reading ratio was 1»37« (In an infinite volume of soil 
this would mean 31,25 per cent water.) Pour pounds of water 
was added to the corn to bring the moisture content near 20 
per can't on the wet weight basis» The meter reading ratio 
was now l,ij.5» ('-^'his corresponds to 55*25 per cent water in 
infinite soil.) Obviously a reading from the soil calibra­
tion curve has no significance here. The point here is 
that the complete moisture range of interest for com grain 
falls between readings of 1*57 snd 1*45« O^ie would expect 
better sensitivity in an infinite grain medium, but the use 
of the neutron meter for grain moisture measurement does not 
seem feasible«, Another confounding factor is the variation 
in density between grades of corn grain. Such density varia­
tion would mean vsiriation in the amount of hydrogen present, 
and to the neutraa meter this would appear as difference in 
Ikl 
reading. Possibly one could allow for this by a series of 
calibrations, but existing methods for grain moisture methods 
are probably superiore 
Table 13* Parts list for moisture meter. A manufacturer is listed only when 
gome oonfuaion might exist"because of the omission 
Part number Oirouit Value Manufacturer 
Capacitors 
0X1,16,22,28 
0l2,l8,2l| 
010,17,23,29 
015,19,25 
09,114., 20, 26 
08,15,21,27 
06,7 
050 
Gl 
univibrator pulse 
coupler (pin. 12 G»T.) 
out put pulae 
coupler 
univibrator pulse 
coupler (pin 11 G.T.) 
part of bias 
univibrator 
0 omponent 
univibrator 
component 
count-stop 
reset line capacitor 
bypass capacitor 
0.001 Mfd. 
il-OO VDO 
0.001 Mfd. 
1+00 VDO 
590 MMfd. 20% 
500 VDO 
0.1 Mfd. 
200 VDG 
50 mtd, 
200 VDO 
22 MMfd. 
500 VDO 
0.01 Mfd. 
600 VDO 
.1 Mfd. 
200 VDO 
.001 Mfd. 
1600 VDG 
Table 15 (Continued) 
Part number Circuit Value Manufaoturer 
°z ,k  
°3 
C52 
Realgtora^ 
"19.32.i1-5.58 
I'iO,1J4.25,27,36,40, 
)+9.55 
"12,1^,25.28,38,^1, 
51.55 
grid capacitor 
bypass? capacitor 
grid capacitor 
bypass capacitor 
bypass capacitor 
glow transfer 
anode resistor 
filament resistor 
bias adjusting 
resistor 
plate resistors 
.001 Mfd, 
600 VDC 
.001 Mfd. 
200 VDC 
•001 Mfd. 
600 VDC 
.001 Mfd. 
600 VDC 
.001 Mfd. 
600 VDC 
(ohms, K « 1000, Meg. = 1,000,000) 
i^ .80 K 
12 
50 K Adjustable 
100 K 
Unless otherwise speoified all resistors have 20^^ tolerance on resistance value. 
Table 15 (Continued) 
Part number Glrouit Value Manufacturer 
l^l,2[i.,57» 50 time constant resistor 5^ 0 K lO^ o 
in univibrator 
2^0, 53# input netwoi-'k 100 K 
R8 input network l\.fO K 
^15,22,55»U8 bias input resistor 5^0 Adjustable 
1^6,50,14.5# 56 glow transfer tube 350 K 10^  
pin #11 resistor 
1^7,29,14.2,55 glow transfer tube 590 K 10$^  
pin #12 resistor 
2^,i|-,9,26,39» 52 grid resistor 1 Meg. 
^18,31»W^i57 glow transfer pulse 56 K 
output resistor 
^1 pulse blocking resistor 2,2 Meg. 
R6 plate resistor 270 K 
^7 plate resistor 10 K 
^59 reset mechanism 10 K 
1^4,7 reset mechanism 6.8 K 
^21 voltage dropper 175 K 
Table 15 (Continued) 
Part number Circuit Value Manufacturer 
"3.5 filament resistor 6 I 
Batteries 
E5 BID counter 500 V (Two 
in sex-'les) 
Eveready #)495 
El). filament 14 V But»ge3s No. 6 
El amplifier bias 7i V Burgess No.55J^O 
H series, univibrator 
plate 
90 V Burgess Fo.n60 
^2,5 univibrator bias 
and series 
6Yi V Biu^gess NO.XX14.5 
^7,8,9 series (glow transfer 
and univibrator) 
90 V Burgess No.n60 
®10 amplifiers 90 V Burgess Wo.nSO 
Tubes 
Vll,12,15,li|. glow transfer tubes GSIO C (or 
GCIO B) 
Etelca Itd.^ 
^Glow transfer tubes are available in. the U.S. from Atomic Instrximent Co., Ca^ibridge 
29, Mass, The tubes are manufactured in Britain. 
Table 15 (Continued 
Part number Circuit Value Manufaotijrer 
^5,10 imivibrator tubes OK-6088 Raytheon 
Vl,2 amplifiers GK-5678 Raytheon 
"^15,18 crystal diodes 
^nput network) 
IN58A Sylvania 
D - lined neutron 
counter tube 
General Electric Stock N0.915977706 
Switches 
®l,3 count-stop and power 
on-off 
D.P.D.T, toggle 
switch 
5A @ 250 V, 
S2 
Jacks and Cable 
reset D.P.D.T, toggle 
switch 
5A @ 2'jQ V. 
•^1.3 pulse connector Pl-259 plug Aniphenol 
50-259 receptacle 
^2 power connector 5 prong plug & Jones 
receptacle set 
P~5o6"AB plug 
S-506-AB re­
ceptacle 
cable pulse connector RG-ll/U Amphenol 
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APPESDIX 
l62 
Review of Some Neutron Scattering 
and Slowing Theories 
Several of the works cited in the Revieiar of Literature 
contain attempts at theoretical prediction of calibration 
curves and some contained siore general v/orks# The Review 
pointed out that in the final detail, the calibration curve 
predictions were at some variance. It, therefore, seems de­
sirable to review neutron scattering and slowing theory with 
the purpose in inind of considering its application to the 
soil moisture case, watching for assumptions and limitations 
althou^ Pieper (31) and Holmes (19) have mentioned some of 
these, ^t will be found that all the practical neutron flux 
distribution solutions will be ^proximations. The works 
by Weinberg (55) touch many of these facets and will be 
follov/ed where practical. Other references will be inter­
jected. 
]!?eutron scattering 
Transport tiieory is perhaps the fundamental theory of 
neutron diffusion of scattering. It yields information con­
cerning the angular distribution of the velocity vectors 
in addition to information obtainable from elementary dif­
fusion theory, viz., the neutron flux. Here, solutions are 
sought for the Boltzmann equation. Boltzmann's equation for 
the steady state vector flux of velocity range dv about v for 
neutrons elasticaly scattering in a medium can be written 
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V'F(r,v,n) + K<?P(r,v,n) = /T P(r,v*ii* (vav*,0,n')dv''dfi + 
"" - - -
S(r,v,n) 
Here F(£jV,n) is a vector whose magnitude, P(r,v,n), is the 
misxher of neutrons of speed v which in one second cross 
perpendicularly a unit normal to the direction n; and r is the 
radius vector; microscopic differential 
scattering cross section, i.e., for one atom. It is called 
differential because it gives the probability of scatter­
ing from one velocity eleaent to another. The term l?<s'g 
(v,v ,n,n ) is the macroscopic differential scattering cross 
section, i.e., for K atomsj and N is the total cross sec­
tion for removal of neutrons of velocity vn. For an iso­
tropic medium is independent of fi. 
Ko"s?, the first t-erm on the left in the eciuation describes 
the net loss of neutrons in a volume element due to movement 
througih the sides of the element. The second term allows 
for neutrons which are removed from the elemental voltame by 
absorption or deflection. The third term considers the neu­
trons which lose energy in going from v' to v in the volume 
element through scattering processes, and, finally, the 
fourth term allows for neutrons created in the volume by 
some neutron source which may be present. It is assumed for 
this equation that the medium is isotropic and homogeneous 
and that the soVa?ce of neutrons is mon©energetic. 
iQi 
Solutions to the Bol tzmann equation in the form given 
yield no information as to the slowing doisn of neutrons in 
a medium and slowing down cases are of main interest to soils 
workers. Before following the development to include slow­
ing, some further examination of the Boltzmann equation icdll 
be useful in seeing how certain type solutions arise and 
their limitations. 
It is convenient to reduce the Boltzmann equation to 
simpler form. One can confine cxie's attention to distribu­
tions wiiieh depend on only, say, x» And one can assume that 
the angular distribution at a given x depends only on//, the 
cosine of the angle between £ and the x direction from a 
plane source of neutrons. It will be seen that solutions 
can be transformed to the infinite spherical case with a 
point source. The medium must be homogeneous and isotropic. 
Furthermore, one can integrate over the azinruthal angle, 
and expressing the scattering cross section <s'g in tems of a 
and' by expanding in Legendre Polynomials. Here is the 
cosine of the angle between n' and the x direction. 
As i!ras mentioned earlier, for the time being diffusion 
without energy loss will be considered and if we assume, as 
we have done, that scattering is sufficiently isotropic such 
that only the first two terms of the spherical harmonic ex­
pansion for are needed, we now can write the Boltzmann 
equation: 
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1 
+ HtfP(x,v,yu) S (l/2)H^. (v)/P(x,v,//*)<iy + 
O «,]J_ 
1 
(3/2)MlId- (v)yp{x,v,;u ) M d M  + 
®1 -1 
S{x,v,/v) 
where the subscripts on <5"g^, of course, refer to the 1st and 
2nd spherical harmonic terms, all others being neglected. It 
can be shown (55# P= seqo) ±tju^g the mean square 
cosine of the neutron angular distribution at speed v, is 
indpendent of position, x, that the solutions based on ele­
mentary diffusion equation, or more correctly Pick's law, 
hold as solutions to the Boltzmann equation. Stiff ice it to 
say, this implies a uniform medium. This is stifficient for 
monoenergetic neutrons. Diffusion theory can also be used 
for polyenergetic neutrons with energy independent cross 
section or for thermal neutrons in a weak absorber. In-
cidently, energy independence of cross section is a poor 
assumption for most elements. Now Pick's law, in its sim­
plest form, is written ^  - '•Dr>(v')grad^^. Ihis law does not 
hold in the vicinity of sources, sinks or boundaries. 
Now the preceding restriction of monoenergetic neutrons 
seems confining, but there is, at present, no general theory 
of the effect of energy distribution on the diffusion of neu-
ia^oDs (55> P* 1-20). Actually, the case of diffusion with­
out energy loss is really a superposition of diffusion of 
neutrons each with a fixed energy. 
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Considering possible solutions of the Boltzmann equa­
tion and for the isotropic scattering case, the scattering 
term of the equation can be expressed by considering that 
at a point in the medium, the angxjlar distribution of the neu­
trons can be expressed as a function of the flux at siirround-
ing points. Tae equation will then read. 
,/j) + U6P(x,v,/x) S (l/2)lf<rg^PQ(x,v) + s{x,v,>u) 
One wishes, then, to express P as a function of Here 
PQ(X,V) can be expanded in a Taylor's series around x and 
substituted into and expression for P(x,v,yu) in the Boltzmann 
equation. Equating of coefficients of the same order then 
leads to an infinite set of linear equations, solutions of 
•afeich are needed for the general problem, of tran^ort theory. 
In the case of interest now, if only two terms of the poly­
nomial are kept, there result asymptotic solutions which also 
hold for elementary diffusion theory cases where the assirtnp-
tions hold. For these the P(x,v,/u) equals a constant times 
a quantity ±ju /L) where L is diffusion length. 
Simple diffusion theory based on Pick's law hold strictly 
only for asyoQJtotic solutions of the Boltzmann equation and 
only insofar as the neutron distribution approaches the 
asys^totic distribution, as it does far from sources and 
boundaries, can simple diffusion theory be used. 
If is possible to write a diffusion equation to cover the 
above cases (monoenergetic neutrons in a uniform medium, etc.) 
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by using the fact that the total neutron flux for these 
cases is exponential in space.and, therefore, satisfies the 
differential equation 
' 0 
which is the elementary diffusion equation in a noncapttjring 
mediumo The diffusion eqiiation of interest for an infinite 
spherical aedixiia '.fill bs 
+ S(r) • 0 
Here <r is the absorption cross section at the average ve-Sl 
locity# Bie solution is most conveniently represented by a 
Green's function Gp(£>£.*)• This is shown to be 
Gp(r,r') • e~ 
so the neutron flux expression is 
(r) s fS)e" *'^^dr * AttDq Ir-r *1 
The kernel of the equation, Dq Ir-r , is called 
the point diffusion kernel# Kernels can be calculated for 
various geometries for use in the integral. It is also pos­
sible to set up kernels for solutions of the Boltzmann equa­
tion when scattering iand soxarce are isotropic# For this, one 
can use ati expanded equation as referred to on p# l66. The 
tran^ort kernel gives the flux Pq in a xanit volume at r due 
to a unit soxarce at r*» while "feie diffusion kernel gives the 
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flux 0Q are r due to a \2nit source at r\ 
In addition to these methods^ workers have made analyses 
with a simplifying assumption that all scattering is straight 
ahead# This is not a bad assumption for hydrogen. For ex­
ample, Welton and Goertzel (^) report such a method for 
mixtures of hydrogen and an isotropic scatterer. The methods 
discussed so far have given good results in systems where the 
assxmptions are valid (6« 5^, 55* 5^* 5S)* 
It is possible to obtain solutions to the equation given 
at the beginning of this section by keeping form than the 
first two terms of the spherical harmonic expansion. Theo­
retically, the more terras kept the better the solution. An 
advantage of this method is that the integro-differential 
Boltzmann equation is r^laced by a set of ordinary differ­
ential equations. In prxncxplo, by tho sphorical harmonics 
method, it is possible to solve any energy independent trans­
port problem to any required degree of accuracy.' But the 
effort required to solve the eqtiatlons increases rapidly as 
the number of terms goes up. 
ITeutron slowing 
Of greater interest in soil moisture work is the situa­
tion which includes liie slowing down of neutrons. Solutions 
to the energy dependent Boltzmann equation are much more dif-
icult than energy independent cases, therefore, approxima­
tions will again be involved. It is generally assxamed that 
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the moderator is an isotropic scatterer in a center of grav­
ity system for an atom and neutron in question. This is a 
good assumption for hydrogen and, again, elastic collisions 
are assumed. A general form of the energy dependent Boltzmann 
equation can be written which allows for anisotropic scatter­
ing 
2 "if 
v-F{r,E,£!) + H<^P(r,E,r?) « yf(2J2+l)/2] times 
Wm ^ n' 
-o 
Pja {E',E)]s[jU^ -/^ (^ii;%E)] times 
{dE'/fe*)<in'+ S{r,fi)?(E-Eo) 
where M is the mass of the scattering nucleus, p[E*,/](e',E)] 
M ^  4> 4-A •»«•$ M M  ^ "1 4f A  ^JS Jt ^   ^  ^ J5  ^^  JL9 IfLX^ ^Z'\J1^CLUJLJLJL Kf^ X^^yCLLXyJL^XJ, XJLX S^XXOX'X U £X J. XLfiLX'XU^XX^ U S5 
and (X^ s |^(M-1)/(M+1)JA collision can result in a neu­
tron of energy between E and dE only if the neutron energy be­
fore the collision falls between B and E/ct^, hence the limits 
on the integral. The isotropic case is represented by using 
the first spherical harmonic term (ji « 0) and noting that 
fo[E',;^(E*,E)] » 1. A convenient notation will be to change 
variable such that u « ln(Eo/E) itiere Eq is source energy. 
In a similar manner as for the scattering case, jj. can be 
used to describe the angular configuration. One can allow for 
mixtures of elements in the mediiam by writing for N-i". 
i So ®o 
and for Wd, where the N and <$• value for the i-th ele­
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ment is implied. Then, using flux density place of 
vector flux F, the anisotropic Boltzraann equation for the x 
directional dependence reads 
/<"^ x,u^ ) + |HV VtX,UaAt) « -z Z z [(It times 
[(2iL+l)/2] [ (21 ) times 
u -1 So 
eU*-Ufi(^ » )P^ t [h^ (u'-.u)] [g^ (u^ -u)j (;U)P^  (^  )du*dV 
s(x,/x)s(u) 
Here the H expansion comes from the nonisotropic scattering 
probability, and the 1' expansion involves/^. One converts 
from vector flux to flux density by 
\^ r(r,u,ft) « F[r,E(u),oj|S s « EQe"'^ j^ r,E(u),nJ. 
!I5ie factor c^  is the concentration of the i-th constituents, 
that is, and g(u*-u) • ><o Fe'(u),E(u)] and 
®o SQ 
h(u'-u) «r^ [E'(u),E<u')] • A convenient simplification for 
this equation is the reduction to Permi age theory. This can 
be achieved by expanding the angular distribution in spherical 
harmonics, much as before, and, after cutting the series off 
to a finite number of terms, expand the collision density, 
x^,u,//)* in a Taylor*8 series in (u'-u) under the in-
®o 
tegral and keeping only the first few terms. This leads 
to the expression-
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+ So(x)s(u) = ^ •^f^^5r(x,u) 
^ere the first two terms are kept and is expressed as a 
function of which is the first term in the spherical 
harmonic expansion of ^  This is the fundamental equation of 
age theory® In this equation ^ is the average logarithmic 
decrement, and is the average cosine of the scattering 
anglee This equation, of course, will be valid only for 
particles which have undergone a large number of collisions 
(in order to provide continuous fmctions so the differen­
tials will be valid) and for systems where the collision den­
sity changes only sli^tly in a single slowing down interval 
(for the Taylor's expansion to be valid). 
It is possible to arrive at this same result by starting 
with the time dependent diffusion equation* Such a procedure 
is given by Beckerly (1) or by Wallace and LeCaine (52) and 
has been sketched by Gardner and Kirldmrn (11). Also, Sneddon 
(56) has devoted a chapter to this in his book, Fourier 
Transforms• One can also see the works of Glasstone and 
Edlund (12)» Soils workers viiio have taken theoretical ap­
proaches have followed Wallace and LeCaine. 
The assiimptions inherent in age theory may be interpreted 
physically: 
1, The moderator elements must be heavy. 
2. Illiere must be no absorption. 
5. The neutron angular distribution must be isotropic. For 
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the faster neutrons the angular distribution will not 
be isotropic at points near the sourcej neither at 
great distances from the source. 
i|.. The mean free path must change slowly in an energy 
range. This rules out hydrogene 
It is possible to write slowing down kernels for age 
theory. For a point, monoenergetic source of neutrons a 
kernel would be 
qCr^r) = ik. 
where t is the "age" ss where <5|.^ is the 
transport scattering cross section. The lower limit u s 0 
obtains when E « Eq. 2a.e second mcaient of a distribution of 
a given neutron age T is denoted r^ (r) and is equal to 67'. 
?h© slowing do^si length is defined 
Some elementary iraproveinents can be Diade in the age the­
ory which render it more general and which nay prove more 
useful in some soils applications. The theory does not 
really apply to the neutrons until they encounter their first 
collision. Then they have a reduced energy and subsequent 
collisions ensue more rapidly. The assumptions listed above 
then being to hold. The theory can be adjusted to consider 
the first collisions as being the source for the slowing down 
process. A fiarther improvement results by allowing for the 
distance a neutron travels from its last collision until an­
other collision occurs. The slowing down distribution now 
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appears thus 
q(r,7-} s 
o o 
li.7rlr"*-r*/ ^  
where (fCO) and <$"(u) ax-e the cross section at the initial and 
final ln(Eo/E) values respectively and other symbols are as 
before. The first e3?>onential corrects for the first colli­
sion effect and the third corrects for the last» While this 
forniula is not rigorous, it is more plausible than the simple 
Gaussian. A more simplified way of writing it is 
Eais age can be used to represent the slowing down density in 
a heavy moderator. 
Now is composite media, the partia 1 differential equa­
tion of age theory becomes very unwildy and a more simplified 
formulation consisting of a sequence of ordinary differen­
tial equations is sought. Da this system, neutrons in a 
given energy group are supposed to diffuse without energy loss 
q{r,7-) = 
where y* is the corrected age 
7-'(u) = l/5[ir^ (0)j2-. d^uA^ H^^ g^ f + l/3[]ff<J(u)]2 
until thej have experienced a nuaiber of collisions equal to 
the average number actxaally required to pass through the 
energy interval® The diffusion equation here is 
+ Sji(r) =0 
Here is the diffusion coefficient for the n«th group and 
the neutron flux J^(£) satisfies the equation. So for a 
one group picture, with source at origin, for example, the 
equation is simply, for n' « 1 
+ S(r) » 0 
- - —JL X 
It has the solution 
q^Cr) = 
Tshere 
Here the denominator is an average value defined as 
!Ehe synibol is used as an absorption effect to get neutrons oi ^ 
froa one group to another. It can be written ~ 
Thus, one gets for a l-group ccxisideration a spatial distribu­
tion n&ich is exponential in place of Gaussian. However, the 
second moment is identical to that for age theory. 
For an n-group consideration one obtains, through use 
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of the Fourier transform, an expression for in terins 
of the complex variable. Using residues aae has for the 
slowing dom equation 
t^(r) s q(r) s (l/kTrv) Z /L^ ) times 
^ 3=1 J 
*z2. 
where the term {1-L*^ /L^ ) is omitted froE the susi. The sub® 
J J 
script k takes on the value of n» 
With enough terms, this function will approximate the 
age theory lowing down function to any degree of accuracy. 
The approximate slowing down functions constructed from group 
theory are called "synthetic kernels". In actual practice, 
in a fairly heavy moderator, a three group consideration is 
only slightly less accurate tiian the single Gaussian because 
the source is not monoenergetic. In water, a single group 
consideration is better than the Gaussian because of the long 
mean free path at high energies. Hoaever, Gurney (I5) has 
pointed out that neutrons in a Maxwellian distribution are not 
at all accurately treated by age feeory. Once thermalized, 
neutrons adopt a Maxwellian distribution. 
Furthermore, a new method {17, 59) which evolves from 
group theory, seems to be better for hydrogenous media than 
the method of age approximation. The same type approxima­
tions as used in age theory are used, but the result is not 
so drastic. The new metaiod is the S^engut-Goertzel approxi-
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isation and it reduces the apprcfsimation from coupled in­
tegral equations to coupled differential equations. 
Such ^ nethods (8, 26) are being used to study neutron dif­
fusion and slowing in hydrogoaous systems.• As the mathe­
matical systems become more accurate they also become more 
complicated. Erieger and Jfelkin (26) point out that scat­
tering of slow neutrons by chemically bound hydrogen is not 
well understood. 
